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Abstract 
Magnesium is the lightest of all common engineering metals. It is 35% lighter than 
aluminium and four times lighter than steel; AZ31 (Mg-3Al-1Zn-0.3Mn in wt%) 
magnesium alloys are increasingly used in automotive applications. The forming of 
magnesium sheet however is difficult and leads to problems which are generally not 
experienced when forming many steel or aluminium alloys. Currently AZ31 
magnesium alloys are formed at elevated temperatures due to their high amount of 
springback and their limited formability. This is mainly due to the hexagonal close-
packed (HCP) crystal structure of magnesium which leads to limited slip systems at 
room temperature and the formation of twins during forming. This results in high 
material anisotropy and reduced formability.  
One forming process that may allow the manufacturing of structural profiles from 
AZ31 magnesium sheet is roll forming which is increasingly used in the automotive 
industry to form high strength, low ductility steel grades. Roll forming may have the 
potential to form magnesium sheet at room temperature. As found earlier roll forming 
of AZ31 magnesium sheet shows the springback as the main defect compared with 
steel. Also the material behaviour of AZ31 magnesium sheet in roll forming at room 
temperature has not been investigated experimentally.  Since the major deformation 
mode in roll forming is bending, to successfully roll form magnesium sheet its bending 
and springback behaviour needs to be understood to compensate for springback and 
avoid shape defects. As previously shown for steel, some differences exist between 
simple bending and roll forming and those need to be analysed for magnesium sheet. 
Currently reliably predicting springback in the bending of magnesium is difficult. Its 
high mechanical anisotropy leads to significant differences in the material behaviour 
in tension and compression and this makes it difficult to predict springback with 
conventional material models. Some basic studies have revealed that the formability 
of magnesium is linked to twinning mechanisms but a fundamental investigation of 
the effect of deformation mechanisms in bending and springback of magnesium has 
not been performed previously. Further work is needed to investigate the effect of 
deformation mechanisms on the bending and springback behaviour of magnesium and 
through that understand the material behaviour of magnesium in roll forming.  
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In this work the bending and roll forming behaviour of AZ31 magnesium sheet has 
been studied experimentally. This included the investigation of the effect of the grain 
size, the C-axis orientation, and the influence of process parameters such as the level 
of forming strain and the effect of applied tension in bending. 
In the first part of the present study the bending and roll forming behaviour of AZ31 
magnesium is investigated. Tensile tests and pure bend test are performed to determine 
the mechanical properties and bending properties for a range of grain sizes and C-axis 
orientations. Differences in yield stress between tension and bending were observed 
and related to the tension/compression yield miss-match in magnesium and the 
resulting shift in the neutral axis.  The minimum formable bend radius and springback 
were determined in bending by wiping and the V-die bend test and for the roll forming 
of a similar cross-sectional shape. Springback was found to be lower in roll forming 
compared with simple bending while higher material formability was observed in 
bending. In both bending and roll forming, springback reduced with increasing grain 
size. Springback did not change for the different C-axis orientations (from 
perpendicular to parallel to the sheet surface) but reduced with increasing level of 
forming strain.  
Springback in roll forming was depended on the bending sequence (flower-pattern 
design) and reduced with increasing longitudinal edge strain introduced in the strip 
edge. Bending under tension tests revealed that springback in bending magnesium 
decreases with increasing applied tension and this indicated that the dependence of 
springback on the bending sequence in roll forming may be due both to redundant 
deformation and tension effects. Longitudinal bow is one major roll forming defect 
and increased with increasing grain size of magnesium. This was related to a reduced 
material yield strength with increasing grain size that decreased the resistance of the 
material to plastic stretching in the strip edge.  
Analysis of the shift in the neutral axis showed a clear relationship between the neutral 
layer shift and springback in bending of magnesium. Based on this, a simple analytica l 
model was developed to account for the effect of the tension/compression yield 
strength ratio and the neutral layer position on springback. Comparison with 
experimental results found in the literature suggests that the simple model developed 
xi 
 
here allows the estimate of springback in bending of magnesium based on the 
tension/compression yield asymmetry as a material input, or the neutral layer shift.  
In the second part of this thesis the twinning behaviour in bending and roll forming at 
room temperature is investigated for various bending modes and roll forming 
conditions. Mechanical twin deformation was observed with EBSD after forming to 
identify the type of activated twins and through that the role of twinning in bending 
after springback. {101̅2} tension twins were mostly present in the compression region 
of the bend and the roll formed samples. It was found that the twin area fraction 
increased with grain size and the level of strain. A higher twin area fraction was 
observed in roll formed samples compared with those that were bent to the same cross-
sectional shape by other processes. Different types of twins such as {101̅1}, {101̅3}, 
{101̅5} compression twins were observed in the tension region. In addition, there were 
{101̅2} tension twins which are not commonly observed during tensile deformation 
and may be due to unloading. Similar to what was observed on the compression side 
of the bend,  on the tension side of roll formed and bent samples the twin area fraction 
was higher in the roll formed material compared with the simple bending case possibly 
due to some unwanted deformation introduced into the material during the roll forming 
process. Bending under tension trials showed that the twin area fraction in bending 
magnesium increases with increasing applied tension and that this is accompanied by 
a reduction in springback. This may indicate that the increased twin area fraction in 
roll forming may be due to tension effects. It further suggests that the lower springback 
in roll forming compared with bending results from the higher twin area fraction. In 
general this chapter revealed that springback in magnesium reduces with increasing 
twinning area fraction generated in the forming zone.  
To investigate the influence of slip and twinning deformation during loading and 
unloading in bending at room temperature, in-situ V-die bending tests were performed 
in the electron microscope. The activated slip systems were determined using slip trace 
analysis and the twin area fraction was analysed by EBSD maps. Three different slip 
systems such as basal, prismatic and pyramidal slip were recognised in the 
compression regions and a few pyramidal slip systems were observed in the tension 
region of the bent samples. During unloading the generated slip lines remained 
unchanged. This suggests that the stress generated during springback was not sufficient 
xii 
 
to reverse slip. Twin deformation was high during loading and decreased during 
unloading in the compression region. This was due to twin thinning and de-twinning 
effects which reduced the twin area fraction. The amount of de-twinning increased 
with increasing level of forming strain and this reduced springback. In the tension 
region, the twin area fraction was increased during loading and further increased 
during unloading which suggests that the stress generated during compressive 
deformation of the tension region due to springback was sufficient to enable twinning.  
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1. Introduction 
1.1. Magnesium and forming issues 
Magnesium is the lightest of all common engineering metals and is 35% lighter than 
aluminium and four times lighter than steel or iron [1-3]. Due to its low ultimate tensile 
strength, magnesium is rarely used for engineering applications in its pure form. It has 
been found that small additions of aluminium, zinc, manganese, zirconium and 
beryllium can improve the strength and ductility of magnesium alloys [4] and this has 
led to an increased use of magnesium in the automotive, aerospace and the electronics 
industries. In the automotive industry, magnesium alloys are widely used for die cast 
gearbox housings, steering wheels, seat frames, cylinder head covers; and steering 
locks [5].  However, the majority of the body consists of sheet formed parts (Figure 
1.1) which contribute to 25% of the total vehicle weight and recently there has been 
increasing interest in using magnesium sheet components to reduce weight in the 
automotive body in white.  
 
Figure 1.1: Sheet formed car body components. 
Extensive work has focused on the stamping of magnesium sheet produced from 
rolling, extrusion and twin roll casting [6-8]. The forming of magnesium sheet 
however is difficult and leads to problems which are generally not experienced when 
forming steel sheet. This is mainly due to the hexagonal close-packed (HCP) crystal 
structure of magnesium, which leads to limited slip systems at room temperature and 
the formation of twins during forming. This results in high material anisotropy and 
reduced formability in magnesium [5].  
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Roll forming is receiving increasing interest for the manufacture of ultra-high strength 
steel (UHSS) for crash and structural automotive sections [9]. It allows the forming of 
materials that show limited ductility and also offers flexible compensation for 
springback [10]. This makes roll forming a promising process for the forming of 
magnesium sheet to automotive components. The major deformation mode in roll 
forming is bending. To successfully roll form magnesium sheet, therefore, the bending 
and springback behaviour of magnesium needs to be understood and predictable to 
allow the development of springback compensation routines and to avoid shape 
defects.   
Currently there are several methods to predict the springback in the bending of 
magnesium however, most of those are complex and often not suitable for rapid 
process design [66, 70, 116]. Because its high material anisotropy leads to significant 
differences in the material behaviour in tension/compression [11, 12] and this makes 
it difficult to predict springback with conventional material models. Some basic studies 
have revealed that the bending behaviour of magnesium is linked to the twinning 
mechanisms present in the material [13]. However, a fundamental investigat ion 
focusing on the effect of grain size, C-axis orientation and the level of forming strain 
on the bending and springback behaviour of magnesium for different bending modes 
(pure bending, bending under tension, roll forming) has not been performed 
previously.  Also there is no experimental study for above mentioned forming modes 
that directly links to formed twin volume fraction to springback in magnesium sheet 
forming. Such understanding is vital to develop springback compensation routines and 
in this study in-situ bending trials in a SEM will be performed to understand 
deformation mechanisms (slip and twinning) during bending and springback of the 
material at room temperature.  
1.2. Research objectives and methodology 
Objectives 
The final outcome of this research will be an understanding of the material behaviour  
of magnesium in bending for room temperature forming.  The effect of microstructure 
on deformation mechanisms active during bending and through that on formability and 
springback will be investigated. This will lead to a better understanding and prediction 
of springback in roll formed magnesium sheet at room temperature. 
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The research question of this work is: 
What is role of deformation mechanisms (i.e., slip and twinning) on the forming 
behaviour of magnesium in bending and roll forming; and how is this affected by 
material and process parameters? 
The research question results in the following sub-questions:  
 How is the forming and springback behaviour in bending and roll forming of 
magnesium influenced by material (i.e., grain size and C-axis orientation) and 
process parameters (i.e., forming strain and bending modes)? 
 How is twinning, and thus the bending behaviour of magnesium, affected by 
variables such as the grain size, the C-axis orientation and the level of forming 
strain depending on the modes of bending and the roll forming process design?  
 What is the role of deformation mechanisms (slip and twinning) during bending 
and springback?  
Methodology  
To achieve the above mentioned objectives, springback will be investigated for three 
different bending tests (pure bending, V-die bending and channel bending) and roll 
forming trials for room temperature condition. The strain levels controlled by the bend 
radius and, in the case of the channel bend test, the applied tension levels will be varied. 
The pure bend and the V-die bending test represent the “ideal” forming condition in 
roll forming, which is simple incremental bending while the channel bending test will 
give information with regard to the springback behaviour of magnesium when tensile 
stresses are applied. This is representative of the “real” conditions in roll forming 
where redundant deformation is generally present. To see this, magnesium sheet will 
be roll formed and the springback determined for different forming sequences. 
Comparison with the bending test results will allow the identification of the different 
bending modes present in roll forming magnesium and how this influences springback. 
Also springback will be investigated for different initial grain sizes and textures for 
AZ31 magnesium material.  
The bend area of these test specimens will be observed through scanning electron 
microscopy (SEM) with the electron backscatter diffraction (EBSD) technique to 
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identify the different types of twinning in the tension and the compression regions of 
the bent samples. This will give an indication of the deformation modes (i.e., the level 
of outer fibre strain and the effect of applied tension in the case of the channel bend 
test and the roll forming process) present for the different bending cases.  
To achieve a deep understanding of the role of deformation mechanisms (slip and 
twinning/de-twinning) during loading and unloading, in-situ V-die bend test will be 
conducted in the SEM and SEM and EBSD maps acquired in the tension and 
compression regions of the bent area. Thereby different levels of outer fibre strain will 
tested.  
1.3. Structure of the thesis 
This thesis will consist of 7 chapters and the remaining chapters are summarised 
below. 
Chapter 2: Literature review 
This chapter critically reviews the literature of relevant work and will identify the gaps 
with regard to the effect of material and process parameters on springback in bending 
as well as microstructural behaviour in bending and roll forming of AZ31 magnesium 
sheet. First, current trends in the automotive industry will be reviewed with a major 
focus on lightweight design. This will show that there is a high potential for the 
application of structural components produced from magnesium in automotive 
engineering. After this the forming methods currently used to manufacture magnesium 
parts are introduced and this will reveal the need for new forming technologies to 
enable the cost-effective manufacture of automotive components from magnesium 
alloys. The roll forming process will be introduced as a potential forming process for 
magnesium component manufacturing followed by detailed review of this sheet 
forming technology.  This will show that transverse bending is the major deformation 
method in roll forming requiring the detailed understanding of the bending and 
springback behaviour of magnesium to enable successful roll forming process design 
for magnesium forming. It will also show that in roll forming, redundant deformations 
are common demanding an understanding of the effect of applied tension in the 
bending of magnesium. The major forming mechanism in magnesium are slip and 
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twinning and those two deformation mechanisms will be reviewed in detail with a 
major focus on the effect of initial grain size and texture. This will be followed by the 
presentation and discussion of previous work focusing on the bending and springback 
behaviour of magnesium sheet alloys. It will be shown that significant gaps exist in 
the literature with regard to the role of slip and twinning on material and springback 
behaviour of magnesium in bending and roll forming. 
Chapter 3: Experimental procedures and materials 
This chapter explains the experimental setup and process conditions used in this work. 
Test samples will be prepared from AZ31 magnesium sheet. In addition samples with 
different grain orientations will be generated by wire cutting of strips from a block of 
AZ31 magnesium with the C-axis oriented perpendicular and parallel to the sheet 
surface. 
Tensile tests and pure bending tests will be performed to understand the mechanica l 
and bending properties of magnesium. For this a special bench top bend tester suitable 
for analysing bending behaviour on the shop floor will be developed. The wiping 
bending test and roll forming will also be performed to understand the minimum 
formable bend radius and springback for different grain sizes of magnesium. This will 
be followed by V-die bending and channel bending tests. While the V-die bending test 
will give an indication of the effect of the outer fibre bending strain on the forming 
and springback behaviour of magnesium in simple bending, the channel bending tests 
will allow the investigation of springback in bending under tension.  
To investigate the material and springback behaviour of magnesium in the roll forming 
process, a mini roll former will be designed and commissioned that will allow the roll 
forming of small scale sample sizes to a C-section profile shape at room temperature. 
Springback defects commonly observed in V- and C-section roll forming will be 
determined using a 3D scanner and special analysis software. To determine the strain 
distribution through the thickness during the loading and the unloading in bend 
forming a non-contact GOM Aramis system is used.  
The final microstructure and the remaining twins after springback will be determined 
for different bending tests and roll forming trials using EBSD in an SEM. A small scale 
bend test will be built that will allow in-situ V-die bending tests and the investigat ion 
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of slip and twinning in the tension and the compression zones during bending and 
release for different outer fibre strains. EBSD and SEM will be used for the 
investigation of the microstructure evolution and the deformation behaviour for the 
small scale in-situ V-die bending test. All EBSD data is analysed using the HKL 
Channel5 software. The set up for all these tests will be described in detail in this 
chapter. 
Chapter 4: Bending and roll forming behaviour of magnesium sheet   
The focus of this investigation is on commercially available AZ31 magnesium alloy. 
First the mechanical properties and the bending properties will be investigated by 
tensile testing and pure bending trials. The forming limits in bending and roll forming 
in terms of the minimum formable profile radius are investigated and compared. Next 
the variations in deformation behaviour for three different bending modes (pure bend, 
V-die bend and channel bend) and roll forming are examined. For this different grain 
sizes, C-axis orientations and various levels of outer fibre strain are tested.  
To enable the direct comparison of material behaviour in bending and roll forming the 
same V- profile shape was bent and roll formed. In roll forming two different forming 
sequences are tested that led to different levels of redundant deformation in the strip 
to investigate the effect on springback. Channel bending tests are also performed using 
various blank holder forces to understand the link between applied tensile stress and 
springback in bending.    
At the end of this chapter a simple analytical model is developed to predict the 
springback behaviour of AZ31 magnesium sheet in bending by accounting for the 
neutral layer shift experimentally determined by optimal strain measurements. 
Chapter 5: The effect of twinning on the bending and springback behaviour  
This chapter investigates the mechanical twining behaviour of AZ31 magnesium sheet 
in bending and roll forming at room temperature. The microstructure will be 
investigated in the compression and tension zones of the bent areas of the materia l 
formed in Chapter 4 and analysed using EBSD after springback to determine the twin 
types present and twin area fraction in the tension and the compression zones. The shift 
of the neutral layer will also be determined by identifying the transition between 
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twinned and non-twinned structure over the material thickness.  In general this chapter 
will show that springback in bending of magnesium is directly related to the twinning 
area fraction that is generated in the deformation zone.   
Chapter 6: Evolution of the microstructure during bending and springback 
This chapter will investigate slip, twinning and de-twinning at different stages of 
material deformation by in-situ V-die bending trials performed in the SEM. The 
different types of slip systems and twins that appear during loading and after unloading 
(after springback) of the AZ31 magnesium sheet in the tension and compression zones 
will be observed at room temperature and a relationship established between twinning 
behaviour and springback in bending of magnesium.   
Chapter 7: Concluding remarks and future work 
This chapter will summarise the results, will discuss the main aspects and will 
conclude on the major outcomes of the thesis. Suggestions for future work will be 
given. 
 
 
CHAPTER TWO 
8 
 
2. Literature review 
2.1 Introduction 
This chapter reviews previous investigations on the forming behaviour of magnesium 
and describes the main areas where further studies are required to understand the 
material behaviour of magnesium in bending and roll forming. 
This is undertaken in following major sections: 
 The first section gives a short introduction on weight reduction in the 
automotive industry and will discuss the different requirements that have to be 
met by light metals when used in automotive sheet metal components. 
 Secondly it reviews the forming methods currently used to make components 
of magnesium with a major focus on process limitations. 
 The potential of the roll forming process to form magnesium sheet components 
will be reviewed and major deformation modes and forming defects common 
in roll forming discussed. 
 The basics of sheet metal bending will be discussed focusing on different 
bending modes.  
 The final section will review the previous studies performed to investigate the 
bending behaviour of magnesium sheet for different bending modes and 
temperatures and the role of twinning and slip.  
2.1.1 Weight reduction 
In recent years increasing public concerns about environmental conservation and 
global warming have put increasing pressure on the transportation industry to improve 
the fuel economy of future vehicles and reduce carbon-dioxide emissions [14, 15]. A 
report published by Cambridge Econometrics and Ricardo-AEA concludes that 
overall, the cost for the technologies required to meet the proposed European 2020 
CO2 vehicle regulations (95 g CO2/km for cars and 147 g CO2/km for vans) will be 
more than offset by the resulting fuel savings [16, 17].  
There are several possibilities to reduce CO2 emissions; these include the use of 
alternative fuel sources, power train enhancements and aerodynamic improvements 
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[18, 19]. One of the major ways is through the reduction of the vehicle weight and its 
fuel consumption. According to the consensus of auto engineers and designers, it is 
estimated that a 10% reduction in weight will result in a 6-8% decrease in fuel 
consumption for any given vehicle [18].  
2.1.2 Material solution 
One way for achieving weight reduction is to use low density materials. Titanium has 
nearly half the density of steel combined with high material strength. For example, in 
the exhaust system, titanium is able to reduce weight by 40-50% while providing 
improved corrosion resistance. However, it  is up to 30 times more expensive than steel 
which limits its application in automotive engineering [20]. Another way is the 
reduction of weight by using new material solutions such as metal matrix composites 
which can reduce the weight by 5-50% compared with steel by adding non-metallic 
particles or fibre in between two thin surface layers of steel or aluminium [21]. 
However, the major disadvantage of metal matrix composites lies in the relatively high 
cost for fabrication and the reinforcement materials [22]. Aluminium and magnesium 
alloys are increasingly recognised as potential substitutions for steel in body, engine, 
chassis and interior components [21, 23, 24]. Aluminium can achieve weight 
reductions of 20% compared with steel. This material however shows some 
disadvantages in terms of energy requirement for casting, which is higher, and low 
production rate [20, 25].  
The use of magnesium can reduce weight by around 50% and 20% compared with 
steel and aluminium respectively [20]. Further the United States Automotive Materials 
Partnership (USAMP) estimates that 350 pounds of magnesium could replace 500 
pounds of steel and 130 pounds of aluminium per vehicle by 2020; this is an overall 
weight reduction of 15% and would lead to a fuel savings of 9% to 12% [26] 
respectively. 
2.1.3 Material requirements in the automotive industry 
For better lightweight product design, diverse technical, ecological and economic 
requirements have to be met by an automotive component [27]. One of major 
requirement is a low density combined with good mechanical properties. Automobile 
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manufacturers are prepared to pay for increased material costs to reduce fuel 
consumption and reduce emissions of future vehicles, however an analysis performed 
by USAMP  indicated that the 2020 targets will lead to an average capital cost increase 
of US$1,300-US$1,500 for vehicles produces in 2020 compared with those produced 
in  2012 [26].  
The light weight material should have sufficient formability to be formed into complex 
shapes at economical rates [21] and should show a damping capability and a dent 
resistance that is comparable to that of steel. Furthermore, the material has to be 
recyclable and needs to be weldable or sufficiently formable for hemming so that it 
can be assembled with other body parts of the vehicle.  
Ultra-high strength steels (UHSS)are commonly used to reduce weight by using them 
in thinner gauges [28].  However, this reduces the rigidity of the part which is a 
function of the Young`s modulus and material thickness and limits the weight 
reduction achievable with UHSS. Light metals such as magnesium or aluminium on 
the other hand must be used in thicker gauges due to their lower Young`s moduli 
compared with steel; this reduces the weight reduction achievable with common light 
metals and increases material costs. Due to its significantly lower density compared 
with aluminium and its lower material costs compared with titanium, magnesium has 
the highest potential for weight reduction even when used in higher gauges.  
Magnesium is a light metal having a density of just 1.74 g/cm3 which is only two-
thirds of that of aluminium and one-fourth of that of iron and steel. When alloyed, 
magnesium has one of the highest strength to weight ratios of all structural metals. 
This gives magnesium the ability to replace aluminium in non-structural and low 
temperature components such as brackets, covers, cases and housings, providing the 
same functionality but with significant weight savings [29]. Interior sections of the 
vehicle have the highest number of magnesium components, particularly in safety 
related parts such as seat frames [30]. Currently the application of components stamped 
from magnesium is limited and this is due to the low and unpredictable forming 
behaviour of magnesium in sheet forming at room temperature. The next section will 
describe the material behaviour of magnesium. 
CHAPTER TWO 
11 
 
2.2 Material behaviour of magnesium alloys 
It is important to study the deformation behaviour of the magnesium crystal structure 
to understand the effect of its deformation modes in sheet forming. Magnesium has a 
hexagonal close packed (HCP) crystal structure with a c/a ratio of 1.623 and the main 
deformation mechanisms are slip and twinning. Deformation of HCP materials 
typically occurs by simultaneous crystallographic slip and twinning. This section 
reviews the basics of HCP crystal deformation modes; and the effect of grain size, 
texture, and strain. After this, the effect of deformation modes on material anisotropy 
in forming will be reviewed. 
2.2.1 Deformation modes (mechanisms) in magnesium crystals 
Slip: 
Usually plastic deformation of magnesium occurs by slip, which is the sliding of 
blocks of crystals along slip planes by the movement of dislocations through the crystal 
lattice [31, 32]. In general, for polycrystalline materials to undergo deformation, five 
independent slip systems are required [33]. Basically there are four different 
crystallographic planes, which play a vital role in the deformation of magnesium; they 
are the {0001} basal plane [31], the {110̅0} prismatic plane, the {11̅01} pyramida l 
plane and the {112̅2} second order pyramidal plane [34, 35] (see Figure 2.1). 
 
Figure 2.1: (a) Basal <a> (b) prismatic <a> (c) pyramidal <a> and (d) second order 
pyramidal <c+a> slip systems in HCP materials [36]. 
In magnesium the dominant slip system at ambient temperature is on the basal plane 
{0001} in the 〈112̅0〉 direction. At elevated temperatures prismatic and pyramidal slip 
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systems are activated due to the reduction of the critically resolved shear stress (CRSS 
- the stress required to initiate slip in a pure and perfect single crystal, CRSS is a 
constant for a material at a given temperature) [37, 38]. The temperature dependency 
of the mechanical properties of magnesium can be attributed to the activity of non-
basal slip systems [39]. These extra slip systems improve the ductility of magnesium. 
In AZ31, the {12̅12}〈1̅1̅23〉 second order pyramidal slip has a higher CRSS than other 
slip systems. These second order slips are activated at temperatures above 225oC. It 
has been shown by Barnett et al. that the effective second order slip during 
compression of the C-axis in single crystals is also applicable to polycrystals [40]. If 
the basal planes are aligned parallel to the compression direction non-basal slip 
systems such as {101̅0}〈112̅0〉 prismatic slip are activated and improve the ductility 
[41, 42].  
Channel die compression tests at 100oC and 200oC revealed that 
{101̅0}〈112̅0〉 prismatic slip along the basal plane contributes considerably to material 
deformation at temperatures below 100oC [41]. In cases where tension is applied along 
the C-axis, {101̅2} twinning is often activated at lower CRSS. 
Twinning: 
Twinning is a polar mechanism which leads to the reorientation of crystals and 
proceeds by atom translation to accommodate deformation. Together with basal slip,  
twinning is the dominant deformation mode at room temperature and it is easily 
activated at grain boundaries where the nucleation stress is higher than the twin 
propagation stress [43]. 
The twinning mode in HCP metals has the ability to produce either tensile or 
compressive strain along the crystallographic C-axis, but not both. Depending on the 
c/a axial ratio, twinning types may be either extension or contraction (Figure. 2.2) [44, 
45]. In magnesium, twinning occurs on the {101̅2}, {101̅1}, {101̅3}, {101̅5} and 
{303̅4} planes. The most common twin type in magnesium is the  {101̅2}〈12̅10〉 
tension twin which occur widely due to tensile stress along the C-axis [46] and 
compression twins {101̅1}〈12̅10〉, {101̅3}〈12̅10〉 and {101̅5}〈12̅10〉 occur because 
of compression stress along the  C-axis [47].  
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Besides the single twinning, in magnesium single crystals secondary twinning which 
is known as double twinning can take place within the reoriented primary twin 
({101̅1} − {101̅2} and {101̅3}-{101̅2}) [48]. Generally, compression twins form 
first, after which {101̅2} extension twins are propagated within the original twins. This 
double twins lead to a reduction of area (thinning) along the C-axis [49]. 
 
Figure 2.2: (a) Extension twin (b) contraction twin [50]. 
Due to the tensile twining of magnesium, the basal pole is reoriented by 86.3o (Figure 
2.2 (a)) during loading [51]. This twin can disappear or become narrower under 
unloading, and reappear under reloading [52]. Disappearing of twins is called de-
twinning or untwining and does not require nucleation stress. Twinning and de-
twinning appear alternately  in cyclic loading [53]. Figure 2.3 shows the twinning 
during in-plane compression and de-twinning upon the subsequent tensile loading of 
a AZ31B alloy using metallography, acoustic emission and X-ray texture 
measurements [54]. 
 
Figure 2.3: Evolution of microstructure under various loading paths [54]. 
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2.2.2 Deformation responses of magnesium 
Texture effects: 
Since the texture has an impact on the activities of the slip systems along basal planes 
and twinning, the initial C-axis orientation influences the twinning of magnesium in 
forming. A randomly oriented C-axis, i.e., a weaker texture, generally leads to 
increased formability. In contrast to that a high texture strength with the C-axis mostly 
oriented in one direction reduces formability [55]. With a weaker texture additiona l 
slip systems can be activated such as pyramidal slip in HCP structures and there is a 
lower tendency for twinning which improves formability [56]. 
Graff et al. [57] simulated the single crystal orientation effect on the yield behaviour 
of magnesium. By applying constraint to the crystal on different sides of the crystal 
elongation was kept perpendicular to the applied load as shown in Figure 2.4. For cases 
where the C-axis of the HCP crystal was oriented parallel to the compression direction 
(A and B in Figure 2.4), a high stress was required to activate basal <a> slip and non-
basal <a> slip modes while  the activity of the basal slip decreased rapidly after plastic 
yielding; this led to high yield strength [58]. In the case of the C-axis oriented 
perpendicular to the compression direction, {101̅2} tension twinning played an 
important role. They concluded that orientations E and F favoured plastic deformation 
by extension twinning during elongation of the C-axis and the resulting low critica l 
resolved shear stress (CRSS) required to activate tensile twinning. This resulted in low 
yield strength and rapid texture changes.  
 
Figure 2.4: Single crystal orientation in plane strain compression [59]. 
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Similarly in-situ experimental investigation by using X-ray beam line, Yi et al. [58] 
reported that both basal <a> slip and tension twins played an important role in 
combination with non-basal<a> slip when the tension load was oriented parallel to the 
C-axis while  non-basal <c+a> slip was significant in compression load perpendicula r 
to the C-axis. For the latter case, the C-axis was initially perpendicular to the 
compression direction and tension twins were formed. As a result, the C-axis re-
oriented parallel to the compression direction. Further loading promoted <c+a> slip 
despite it having the highest CRSS value. 
Grain size effects: 
It is well known that deformation by twinning activity increases with increasing grain 
size [60]. Also higher twinning is generally observed in coarser grain sized samples of 
magnesium [61] The number of twins per grain has been shown to increase as well 
with increasing grain size in AZ31 [62]. Both effects lead to an increase in twin volume 
fraction with increasing grain size [63]. A large grain size increases the grain boundary 
area and this increases twin nucleation. According to previous researches there is no 
clear relationship between grain size, twin thickness and grain growth [64, 65]. 
2.2.3 Anisotropy 
AZ31 with a strong texture generally shows high material anisotropy. This is 
illustrated in Figure 2.5 where the true stress strain response is shown for textured 
magnesium tested in a tension and a compression reverse loading test leading to 
significantly lower yield stress in compression compare with that in tension [66].  
Figure 2.5: Schematic view of stress-strain curves of textured magnesium alloys [67]. 
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This is a result of the activation of different deformation mechanisms during tension 
and compression at room temperature for a given C-axis orientation which in this case 
was perpendicular to the sheet surface in rolled AZ31. During tensile loading of the 
magnesium sheet with the C-axis perpendicular to the tension load (i.e., C-axis 
contraction), basal slip with low CRSS are dominant with a lower tendency to twinning 
[68]. Because of the high CRSS required to activate prismatic and pyramidal slip a 
higher stress is required to enable plastic deformation and to activate more slip 
systems. During unloading extension twinning is dominant and material deforms 
easily due to a low CRSS required to initiate twinning. Therefore the compression 
yield stress is almost half of the tensile yield stress at room temperature [69].  
At higher temperatures more slip systems are activated (given that the CRSS decreases 
with temperature) and this leads to a reduction of twin development [66, 70] and 
through that reduced anisotropy [71] as it is shown in Figure 2.6 for a biaxial tensile 
test performed at room temperature (thick line) and at 200oC (dash line). The Figure 
also shows that increasing plastic strain mainly affects the material yield stress in 
tension but has no considerable effect on material yield in compression. 
 
Figure 2.6: Yield Loci obtained from biaxial tensile test for different plastic strain 
levels and temperatures [72]. 
Anisotropy reduces with finer microstructures. This is due  to small grains  activat ing 
more prismatic and pyramidal slip and through that suppressing the occurrence of 
twinning [73]. Refining the microstructure changes the normal anisotropy coefficient 
(ratio between the yield stress in compression and tension at room temperature) from 
0.5 to 0.7 or 0.8. [68].  
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2.3 Forming of magnesium sheet 
Sheet metal forming allows the cost effective manufacture of lightweight components. 
Usually sheet metal parts are stamped at room temperature but some materials have to 
be formed at elevated temperatures to overcome their limited ductility [20]. Stamping 
has many advantages such as high productivity, efficient material usage, high part 
accuracy and a wide range of part dimensions formable, ranging from miniature parts 
to large parts [74]. Previous studies revealed that the ductility of AZ31 sheet is 
sufficient for the room temperature forming of some simple and shallow components 
such as doors, roof or bonnets by 3-D bending which is bending a profile (Figure 2.7) 
and die pressing which generates the required shape by using a punch and a die which 
have the top profile and bottom profile, respectively, as shown in Figure 2.8 [75]. 
 
Figure 2.7: Tube bend profile (3D bend process) [75]. 
 
Figure 2.8: Die pressing process [75]. `  
In die bending, the material flow through the bending zones (Figure 2.9) is restricted 
due to friction leading to stretching of the material and this generally requires stress-
relief annealing after forming to achieve dimensional accuracy. 
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Figure 2.9: Die pressed component from AZ31 sheet at room temperature [75]. 
The deep drawing of AZ31 magnesium sheet at room temperature is difficult but can 
be improved by using specific annealing conditions and by controlling the 
microstructure during rolling which leads to improved formability [76]. Additiona l 
approaches to improve the material behaviour of magnesium in room temperature 
stamping are an increased sheet thickness and the reduction of the blank-holder force 
[77]; however, despite those approaches the deep drawability of magnesium at room 
temperature remains limited [78] and heated forming generally needs to be applied to 
achieve acceptable material formability when stamping magnesium (Figure 2.10).  
 
Figure 2.10: Drawn cups formed at various temperatures [78]. 
The total elongation of magnesium increases with temperature while the yield stress, 
the maximum flow stress and work hardening rate decrease (Figure 2.11) [75]. This 
leads to improved formability in stamping and other sheet forming applications. 
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Figure 2.11: Stress-strain curves of AZ31 alloy under different temperatures [79]. 
In stamping, selective heating is required to heat critical forming regions, such as the 
corner areas, to 225oC while  maintaining less critical regions at lower temperatures to 
save energy [80]. Also hollow extrusions of standard magnesium alloys can be bent to 
conventional shapes by 3D- roll bending if temperatures above 200°C are applied [81]. 
One forming process that may allow the forming of structural sections from 
magnesium at lower temperatures or even under room temperature conditions is roll 
forming. 
2.4 The roll forming process 
2.4.1 Introduction 
In roll forming a sheet is incrementally bent into shape by successive roll stands with 
rotating contoured rolls. Figure 2.12 shows the operation of a 5 stand roll forming mill 
used to form a complex channel section. The aim is to form the required shape 
repeatedly within the specified tolerances, with the least number of “incrementa l 
steps,” (number of forming passes) [82]. 
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Figure 2.12: Procedure of conventional roll forming [83]. 
Many roll forming machines are driven by the bottom shafts, but often both top and 
bottom rolls are driven. Because of the frictional force between the rolls and the strip, 
the blank is pulled forward to the next forming station.  
2.4.2 Advantages 
When compared with the other forming processes, roll forming has technica l, 
economic and ecological advantages. Due to the continuous forming of long strips the 
productivity is higher and tooling costs are lower [84]. Also the roll forming process 
allows the forming of tight radii of materials that show limited ductility and there are 
simple approaches to compensate for springback. Other advantages of roll forming 
include high material usage and the ability to form pre-painted and pre-punched strip. 
Figure 2.13 shows a typical roll form line including an uncoiler, a flattener or levelle r, 
a pre-punching press, a straighter and a cut off die.  
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Figure 2.13: Roll form line with flying pre-punching operation [82]. 
The process is capable of producing a wide range of cross sectional profiles. A typical 
selection of roll formed products with secondary processes are shown in Figure 2.14. 
 
Figure 2.14: Roll formed products [85]. 
2.4.3 Deformation modes and shape defects in cold roll forming 
Metal strip that is roll formed is subjected to various types of deformation. Transverse 
bending is required to form the metal sheet into the required shape as illustrated in 
Figure 2.15 [82]. 
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Figure 2.15: Transverse bending of metal strip during roll forming [82]. 
All other material deformation is unwanted and leads to increased forming problems 
and shape defects.  Redundant material deformation is often due to an inappropriate 
process design but sometimes simply cannot be prevented. It includes (Figure 2.16): 
 Longitudinal bending and reverse bending 
 Longitudinal elongation and/or shrinkage 
 Transverse elongation and/or shrinkage 
 Shear in the metal’s plane 
 Shear in the direction of the metal’s thickness 
 
Figure 2.16: Additive redundant deformation of metal strip during roll forming [82]. 
The material may experience transverse and longitudinal elongation and shrinkage 
which influence to the deformation of the strip, due to a change of strains and stresses. 
The material at the edge of the strip often shifts horizontally and rises vertically in a 
helically shaped movement over a distance of L during forming at each station. In 
parallel to that the centre line of the strip moves in a straight line along the bend line, 
Lo as shown in Figure 2.17. 
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Figure 2.17: Helix shaped edge (L) and bend line (Lo) have different lengths [86]. 
As a result, the material at the edge of the strip has to travel a longer distance compared 
with that in the centre line and undergoes a bending and unbending process over the 
rolls as highlighted by two circles. This leads to tensile longitudinal strain in the edge 
of the strip [87]. This can lead to the various types of shape defects like longitudina l 
bow, twist, edge wave and springback (Figure 2.18).  
 
Figure 2.18: Schematic illustration of various shape defects in roll formed products 
[82]. 
The effect of the redundant deformation on part shape in the roll forming process has 
been investigated experimentally and by numerical analysis.  Also roll forming of C 
channel shaped products with AHSS and UHSS materials has been studied and showed 
that a reduction of redundant deformation (increased interstation distance) leads to 
increased springback and reduce longitudinal bow [88]. Abeyrathna et al. [89] showed 
that springback reduces with increased longitudinal peak strain in the strip edge while 
there was no obvious relationship between longitudinal peak edge strain and 
longitudinal bow.  
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With regard to the HCP metals, the literature has been limited to shape defects 
reduction focusing on the roll forming at room temperature. Forming behaviour in V 
section roll forming of titanium alloy (Ti-6Al-4V) has been studied at room 
temperature and it has been shown that material formability is higher in roll forming 
compared with bending. This suggests that roll forming may be a promising avenue 
for the forming of high strength low ductility materials [90].  
Previous cold roll forming work on the circular tube (13.6mm diameter) roll forming 
of AZ31 magnesium suggested that the major obstacle in roll forming magnesium 
sheet is its high springback and not its low formability [91]. This indicates that the roll 
forming of magnesium sheet is possible if its springback behaviour in the process is 
understood and springback compensation routines are developed. Although roll 
forming behaviour has been well covered for most steels, only limited experimenta l 
work has focused on the roll forming of AZ31 magnesium sheet. As mentioned above, 
the major deformation mode in roll forming is bending. This suggest that to predict the 
roll forming behaviour of magnesium its bending and springback behaviour needs to 
be understood. 
2.5 Roll forming in comparison to bending  
Both roll forming and simple bending is a bending process, but the first is forming 
with continuous rotating die motions and latter is forming using linear die motions 
[92]. Thus, there are some differences between roll forming and simple bending [92-
94]. The cross sectional profile of the formed part, in simple bending does not change 
along the length of the sample (Figure 2.19 (a)).  In bending during roll forming, the 
cross sectional profile varies along the roll forming path (Figure 2.19 (b)).  
 
Figure 2.19: Deformation area of the (a) bending process and (b) roll forming 
process [95]. 
CHAPTER TWO 
25 
 
Since the forming process of the sheet strip in roll forming occurs incrementally from 
one station to the other, Panton et al suggested that in roll forming the bend angle 
changes along the forming path [95]. In contrast, bending is a one-step bend forming 
process and bending angle is constant over the length of the work piece and the tooling 
[96]. Thus, strain introduced in bending is in the bent area and in roll forming over the 
cross-section of the strip and changed at each station. Previous studies on roll forming 
revealed that longitudinal peak strains reach the maximum at the edge of the strip [96, 
97]. After that, this strain reduces due to springback in between stations. 
Therefore, material behaviour in bending and roll forming is not directly comparable. 
Previous studies conducted on roll forming and bending of titanium alloy (Ti-6Al-4V) 
sheet have found that both the minimum formable bend radius and springback 
achieved in roll forming is lower compared with that in simple bending [93]. Similar ly, 
cryo-rolled and room temperature rolled aluminium sheet showed higher formability 
in roll forming compared with simple V-die bending [94]. Also the direct comparison 
between V-die bending and roll forming by Weiss et al. [98] for different automotive 
steels show that springback in roll forming is lower. In order to develop the optimal 
process design for magnesium sheet in roll forming, it is important to understand and 
compare its forming behaviour and forming limits in roll forming and bending.   
The next sections will review previous studies on the bending and springback 
behaviour of magnesium sheet. 
2.6 Bending behaviour of sheet metal 
2.6.1 Sheet metal bending 
Bending along a straight line is the most common sheet forming process. For this a 
moment, M is applied on the metal sheet as shown in Figure 2.20 (b). A simple unit 
width of sheet having a thickness t is bent to a radius R (curvature, 𝜌) and a bending 
angle 𝜃, as shown in Figure 2.20 (a). 
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Figure 2.20: A unit length of a continuous strip bent along a line [99]. 
If the sheet is bent with tension and the bend radius is three or four times higher than 
the thickness, the length of the middle surface layer will change from 𝑙0 to 𝑙𝑠 = 𝜌𝜃, 
but the length of a layer at distance 𝑦 from the middle surface will be 𝑙 = 𝜃(𝜌 + 𝑦) 
(Figure 2.21). The axial strain, 𝜀1 is equal to the bending strain, 𝜀𝑏  and can be 
approximated by equation 2.2 [99]; 
 
𝜀1 = ln
𝑙
𝑙0
 
(2.1) 
 𝜀𝑏 = ln (1 +
𝑦
𝜌
) ≈
𝑦
𝜌
 
(2.2) 
 
 
Figure 2.21: Deformation of longitudinal fibres in bending and tension [99]. 
Assuming plane strain bending and an isotropic sheet deformation the effective stress 
𝜎,̅ and effective strain 𝜀̅ caused by the bending moment are; 
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𝜎1 =
2
√3
𝜎 
(2.3) 
 
𝜀1 =
√3
2
𝜀̅ 
(2.4) 
As shown in Figure 2.22, the bending moment (equation 2.5) at the equilibr ium 
condition for the section through a unit width of a sheet is obtained by integrating the 
force element. 
 
Figure 2.22: Equilibrium diagram (a) for a section through a unit width of sheet and 
(b) a typical stress distribution. 
 
𝑀 = ∫ 𝜎1𝑦 𝑑𝑦
𝑡 2⁄
−𝑡 2⁄
 
(2.5) 
Bending without tension 
For bending without tension (Figure. 2.23) the limiting elastic curvature(1 𝜌⁄ )𝑒, the 
fully plastic moment 𝑀𝑝 and flow stress for plane strain 𝑆 = (2 √3⁄ )𝜎𝑓 can be used to 
develop the equilibrium equation for the bending moment , M; 
 
𝑀 =
𝑆𝑡2
12
(3 − 𝑚2 ) 
(2.6) 
Where; 𝑚 =
(1 𝜌⁄ )𝑒
(1 𝜌⁄ )
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Figure 2.23: Moment curvature diagram for an elastic, perfectly plastic sheet bent 
without tension. 
2.6.2 Pure bending and reverse bending 
In pure bending the sheet is bent by a pure moment without tension and the neutral 
axis is at half of that of the material thickness [99]. A schematic plot for a moment-
curvature diagram is shown in Figure 2.25 for the case of an elastic perfectly plastic 
material behaviour and springback is the result of the fully plastic moment unloading 
and following the initial elastic slope.  
Figure 2.24 shows the sheet bend by a moment to a curvature  𝜌. After the release of 
the moment, the curvature and bend angle will change from 𝜌 to (𝜌 + ∆𝜌) and 𝜃 to 
(𝜃 + ∆𝜃) respectively. Assuming a constant length of the middle layer, the springback 
angle can be obtained by differentiating 𝜃 = 𝑙
1
𝜌
 with l being constant [99]; 
 
∆𝜃 =
∆(1 𝜌⁄ ) × 𝜃
1 𝜌⁄
 
(2.7) 
 
Figure 2.24: Unloading a sheet that has been bent by a moment without tension. 
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Figure 2.25: Moment curvature diagram for an elastic, perfectly plastic sheet 
showing unloading from a fully plastic moment. 
The ratio between fully plastic moment and the elastic moment is 3/2 and the change 
of curvature ∆(
𝟏
𝝆
) is; 
 
∆ (
1
𝜌
) = −3
𝑆
𝐸𝑡
 
(2.8) 
After unloading the sheet the proportional change in curvature is −3
𝑆𝜌0
𝐸𝑡
𝜃. This 
combined with equation 2.8 gives the change in bend angle, ∆𝜃 , i.e., springback; 
 
∆𝜃 ≈ −3
𝑆
𝐸
𝜌0
𝑡
 𝜃 
(2.9) 
2.6.3 V-die bending 
The springback after bending is widely investigated by V-die bending tests. During 
V-die bending, the punch moves down until first contact with the unsupported sheet 
metal is achieved (Figure 2.26). By progressing further down, it forces the materia l 
into a die [100].  
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Figure 2.26: Principles of the V-die bending process [100]. 
After the removal of the punch from the die, the inner surface and the outer surface 
releases the stored elastic energy and the bend angle of the bent sheet becomes larger 
than required bend angle (Figure 2.27). In contrast, the neutral plane in the bent part 
tries to maintain its original shape, resulting in an elastic recovery toward its init ia l 
shape. Thus, the workpiece springs back and the bent part slightly opens, as shown in 
Figure 2.28 [100]. 
 
Figure 2.27: Stress distribution in V-die bending. 
 
Figure 2.28: Springback feature [100]. 
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2.6.4 Channel bending 
Sheet metal bending processes results in changes of material and geometry under 
various loading paths such as loading and reverse loading (Figure 2.29). In channel 
bending the material is bent into shape with an applied tension applied with a blank 
holder. This reduces the required bending moment and through that reduces 
springback.   
 
Figure 2.29: Geometry of the channel bend set up [101]. 
2.7 Bending of magnesium 
2.7.1 Effect of process parameters on springback  
Paisarn et al. [102] performed V-die bend experiments having 3mm punch radius and 
90o bend angle for both AZ31 magnesium alloy and cold rolled steel plate (SPC) with 
thicknesses of 0.5mm and concluded that magnesium sheet shows significantly higher 
springback compared with steel at room temperature (see Figure 2.30). Forming at 
elevated temperatures reduced springback in magnesium. 
 
Figure 2.30: Influence of temperature on springback for AZ31 magnesium alloy and 
SPC material V-die bent with a punch radius of 3mm [102]. 
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Experimental and FEA simulations has been used to investigate the springback 
behaviour of magnesium in V-die bending at room temperature by Toan et al. [103] 
and Chen et al. [104].  Chen et al. [104] found that springback decreased with the 
decreasing punch radius (higher outer fibre strain formed) and that the minimum 
formable punch radius was 6mm for 1.2mm thick AZ31 magnesium sheet (Figure. 
2.31). Also a reduction in springback at the minimum formable punch radius was 
observed.  
 
Figure 2.31: The effect of punch radii and temperature on springback [104]. 
Wang et al. [105] also found that springback in V-die bending of magnesium reduces 
with the punch radius Figure 2.32 and showed analytically that this is due to an 
increase in forming strain with decreasing punch radius.  
 
Figure 2.32: The effect of (a) temperature on springback for a punch radius of 9.3mm 
and (b) effect of punch radius on springback [105]. 
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Toan et al. [66] numerically modelled the V-die bending of AZ31 magnesium and 
showed the simulation results agreed with the experimental results for springback. 
Tension applied on the strip during bending also influences springback in bending 
magnesium [106, 107]. Kim et al. [106, 107] studied the effect of the blank holder 
force (BHF) and temperature on springback in 1mm thick AZ31B magnesium sheet 
using the channel drawing tests (Figure 2.33 (a)). 
 
Figure 2.33: (a) Schematic diagram of channel bending test apparatus for springback 
measurement (b) definition of springback angles. 
Their study did not find a significant effect of the blank holder force and through that 
of tension on springback which may be related to the limited range of blank holder 
forces that were investigated (Figure 2.34). 
 
Figure 2.34: variation of springback angles with temperature and BHF [106]. 
CHAPTER TWO 
34 
 
2.7.2 Effect of material parameters on springback in bending 
Wang et al. [105] investigated the microstructure evolution in the bend area for various 
temperatures and bend radii for AZ31B magnesium sheet (Figure 2.35 and Figure 2.36 
respectively). They concluded that in the compressive zone of the bending region 
{101̅2} extension twinning dominated while deformation by slip was observed in the 
tension zone. They further showed that there is no twinning in the compression zone 
at temperatures higher then 300oC and when the punch radius is increased. In contrast 
to that, some twinning was observed in the tension zone at higher punch radii. The 
study did not identify the type of twinning that occurred in the tension region and it 
was not clear if twinning started during bending or was the result of springback.  
 
Figure 2.35. Optical micrographs of bent specimens in the fillet region at (a) 50oC 
(b) 100oC (c) 150oC (d) 200oC (e) 250oC and (f) 300oC [105]. 
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Figure 2.36: Optical micrographs of bent specimens in the fillet region with different 
punch radii (a) 7.5mm (b) 8.1mm (c) 8.7mm and (d) 9.3mm [105]. 
Bruni et al. [108] have studied the effect of process parameters on springback for 3mm 
thick AZ31 magnesium sheet formed in air bending. They found that springback 
decreased with increased punch speed (Figure 2.37). This was related to a rapid 
decrease in punch load for higher forming speeds. 
 
Figure 2.37: Punch speed effect on the springback ratio [108]. 
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Microstructure analysis revealed that recrystallisation increased with increasing punch 
speed (rapid drop of punch load) and that this led to the development of a fine grained 
microstructure that deformed more easily leading to reduced forming forces and 
through that reduced springback. Kim et al. [109] investigated the effect of annealing 
on springback in the V-bending of AZ31 magnesium sheet. Their work showed that 
springback decreased with increasing annealing temperature (Figure 2.38). This was 
due to the reduction in yield strength with increasing grain size.  
 
Figure 2.38: Springback angle for different annealed temperatures [109]. 
Both studies showed that there is an effect of microstructure on springback of 
magnesium. However, the effect of deformation mechanisms such as slip and twinning 
on springback was not investigated in detail. 
Barid et al. [110] performed three point bending tests on annealed AZ31 magnesium 
of 1 mm thickness. Their work showed highly localised twin bands on the bending 
compression zone as shown in Figure 2.39. Each twin band was composed of a high 
density of {101̅2}〈101̅1̅〉 twins while no twins were found between the twin bands. 
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Figure 2.39: (a) Alternating twin bands can be clearly observed. From the indenter 
toward both ends of the strip, the length and width of the twin bands decrease 
because the plastic strain decreases. The longest twin band (indicated by the dark 
arrow) passes the centre line. (b) As the bending angle increases, the twin bands 
widen by lateral growth. Meanwhile, new bands (indicated by the arrow) that are 
nearly perpendicular to the original bands are formed [110]. 
A similar study was performed by Hama et al. [107]. Their microstructural analysis 
after springback showed that twins dominated in the compression side of the bending 
area while only a small amount of twinning was observed on the tensile side. Due to 
the unbending of the sheet at the side walls, different types of twins were developed 
here (Figure 2.40). Twinning reduced with increasing temperature.  
 
Figure 2.40: Microstructure of the bend area and unbend area in channel bending 
after springback at room temperature [107]. 
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The studies above suggest that twinning has a significant role in the bending of 
magnesium.  However to fully understand the effect of twinning, the types of twins 
that are present need to be analysed separately with regard to their effect on springback. 
Additionally the effect of tension on twinning in bending and springback requires 
further investigation. 
2.7.3 Effect of deformation modes in bending 
An experimental investigation of deformation modes present in tube bending of AM30 
magnesium sheet was performed by Wu. et al.  [111] and found that dislocation slip in 
combination with a low level of extension twining {101̅2}[101̅1] and double twining  
{101̅1}{101̅2} were the main deformation mechanisms in the tension side of the bend. 
In the compression side however, deformation was governed by extension twinning 
and dislocation slip. These double twins have been shown to be linked to failure in 
magnesium. The role of twin formation during tensile deformation in AZ31 has been 
investigated by Barnett M. R. [46]. He found that {101̅2} extension twinning assists 
uniform elongation in tension along the C-axis, while a different study [112] revealed 
for the same magnesium alloy, that in C-axis compression material failure is due to the 
formation of double twins {101̅1}{101̅2}. This type of failure was reduced by forming 
at elevated temperatures due to the reduction of the formation rate of {101̅1}{101̅2}  
double twins. 
It has also been found that twins can disappear during unloading. Lee. et al. [113] 
simulated the cylindrical bending process in AZ31B magnesium alloy. They found that 
deformation was governed by slip in the tension side during the whole forming stage 
while unloading during springback was ‘elastic’. In the compression side, deformation 
was governed by twin formation while during springback de-twinning was observed 
suggesting that ‘elastic–plastic’ unloading occurred during springback. They 
suggested that this is due to an ‘asymmetric’ unloading behaviour which originate s 
from the asymmetric stress–strain response of AZ31B. Wu L. et al [52] found for a 
ZK60A magnesium alloy that the twin formed during compressive loading was 
removed when the load was reversed and this twinning and untwining behaviour 
during loading and unloading is similar to what has been reported for AZ31B 
magnesium alloy by Brown D.W. et al [114]. Such plastic unloading may influence 
the magnitude of springback and their simulation showed that springback decreases 
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when only elastic unloading was allowed. Keshavarz Z. et al [115] showed the 
operation of significant levels of prismatic slip and deformation twinning during 
tensile straining of AZ31 sheet at room temperature. The above numerical analysis 
suggests that twinning and de-twinning may occur during bending and springback of 
magnesium but so far has only been shown for simple tensile deformation. A 
fundamental experimental investigation on the effect of twinning and de-twinning as 
well as slip on bending and springback behaviour of magnesium has not been 
performed yet.   
2.7.4 Springback prediction in bending 
Zhu et al. [116] suggest that for the development of an analytical model for bending 
and springback of magnesium, the material` s micro behaviour needs to be understood. 
Schwarze et al.  [117] achieved good springback prediction for magnesium by 
combining isotropic/kinematic hardening effects with yield anisotropy. Also the 
analytical model developed by Lee et al. [118] for bending of AZ31 magnesium sheet 
showed that the rate of moment increases sharply due to rapid hardening in the 
compressive region as the strain passes the exhaustion of twinning. Nevertheless the 
above models require complex material input and are difficult to use industrially. A 
simple analytical model is required that enable springback prediction in magnesium 
bending.   
2.8 Summary 
The literature review has shown that there is an increasing interest in the automotive 
industry to reduce the weight of future vehicles. This can be achieved by using either 
high strength material with thinner gauges or materials with lower density. Magnesium 
sheet shows high specific strength and low density which makes it a promising solution 
for weight reduction. However, magnesium sheet generally shows limited formability, 
which makes it hard to form with conventional methods such as stamping. Especially 
its high springback tendency when formed at room temperature is limiting widespread 
application.   
One forming process that may enable the forming of magnesium to long structura l 
sections is the roll forming process. In roll forming, the compensation of springback 
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can be achieved by simple approaches and it allows the forming of sheet materials of 
lower ductility. Nevertheless no fundamental studies on the material behaviour of 
magnesium in roll forming can be found. Those are required to enable development of 
process designs and to overcome shape defects when roll forming magnesium sheet. 
The major deformation mode in roll forming is bending and to understand the roll 
formability of magnesium a detailed understanding of its bending and springback 
behaviour is required.  
Most of the studies on magnesium sheet in bending were carried out at elevated 
temperature due its poor formability at room temperature but there are only limited 
studies on the room temperature bending and none that fundamentally investigated the  
active deformation mechanism for different conditions of bending (with and without 
applied tension) and for various types of microstructure and C-axis orientation during 
bending and springback. To understand the material behaviour of magnesium in roll 
forming of magnesium sheet at room temperature, and to develop approaches to reduce 
shape defects such as bow and springback in roll forming, a systematic study on the 
material behaviour of magnesium in bending and roll forming is required. 
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3. Experimental procedures and materials 
3.1. Introduction 
In this chapter the materials and a general overview of the experimental methods used 
in the following chapters are described. The details and specific conditions will be 
presented in the methodology part of each chapter. 
To investigate the bending behaviour of Mg-3Al-1Zn (AZ31B-H24 and AZ31B) 
magnesium alloy sheet, both “in-situ” and “conventional” methods were applied. The  
material used is described in section 3.2 of this chapter. The material characterisat ion 
is explained in detail in section 3.3 while the various tests performed for understand ing 
the bending and springback behaviour are explained in section 3.4. This includes the 
development of a new stand-alone bend tester to analyse material properties relevant 
to the roll forming process on the shop floor. Finally, the roll forming trials are 
explained; this includes the design and commissioning of a high precision roll forming 
facility. The optical strain measurements performed to analyse forming strains through 
the material thickness during the bending trials and on the material surface are 
explained in detail in section 3.6 while the following two sections describe the optical 
metallographic and EBSD techniques employed in this work to investigate the 
twinning behaviour. The last section of this chapter is dedicated to the in-situ V-die 
bending test. 
3.2. Material 
3.2.1. Magnesium cold rolled (AZ31B-H24) sheet (M1) 
A cold rolled magnesium alloy sheet, Mg-3Al-1Zn with an average thickness of 1mm 
was used. The alloy was chosen because it is the most common commercia l 
magnesium alloy used for sheet metal forming applications. Its chemical composit ion 
analysed with a spectrometer is given in Table 3.1. 
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Table 3.1: Composition of the AZ31B-H24 sheet. 
 
 
 
 
 
The material was supplied as sheet 2000mm in length cut along the rolling direction 
(RD) and 150mm in width. To prepare the sample shapes required for the tensile and 
the bend forming tests the rough dimensions were first produced using a guillot ine 
followed by a milling operation to cut the final sample shapes. The microstructure was 
observed with optical microscopy through the thickness of the as-received sheet 
(described in section 3.7) as shown in Figure 3.1; this is on the face (shaded in Figure 
3.1) between the transverse direction (TD) and normal direction (ND).  
 
Figure 3.1: Sample surface used for microstructure observation of the as received 
sheet. 
The as-received microstructure shows mechanical twins formed due to the cold rolling 
process. To observe changes in the microstructure during material deformation in 
bending and roll forming, it is required to have an undeformed initial structure without 
the presence of any mechanical twins. 
Element Mg Al Zn Mn Fe 
(wt %) 95.7 2.74 1.08 0.466 0.0031 
Element Ni Si Ca Cu Other 
(wt %) 0.0012 0.0122 0.0016 0.0036 balance 
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Figure 3.2: The initial microstructure of the as-received AZ31B-H24 magnesium 
alloy (M1_TW) showing a highly twinned microstructure. 
In order to obtain a twin free (undeformed) microstructure with two different grain 
sizes from the as-received material, the machined samples were heat treated according 
to the conditions shown in Table 3.2. This led to two different average grain sizes 
(explained in detail in section 3.7) which are given in Figure 3.3. 
Table 3.2: Heat treatment conditions. 
Material Name Temperature, 
oC 
Time, 
hr 
Cooling 
method 
Grain 
size, µm 
Grain size 1 (M1_C⊥_7) 420 2 Air cool 7 
Grain size 2 (M1_C⊥_15) 500 4 Air cool 15.5 
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Figure 3.3: The annealed microstructures for the two different heat treatment 
conditions: (a) M1_C⊥_7 (7 μm) and (b) M1_C⊥_15 (15.5 μm). 
3.2.2. Magnesium (AZ31B) block (M2) 
The second material used was a magnesium alloy Mg-3Al-1Zn. The material was 
received in the form of a hot rolled block 150mm thick, 300mm long and 250mm in 
width. The chemical composition of the AZ31B alloy, analysed with a spectrometer, 
is given in Table 3.3. Compared with the composition of the conventional AZ31B-H24 
sheet (Table 1.1), the cube material has 0.9% lower Mg and 1.03% higher Al content, 
which may influence its mechanical properties while the differences in all other 
elements are negligible. It has been found in the previous studies that an increase of 
3% in the Al content in magnesium results in an increase in the yield strength by up to 
30% combined with a decrease in the ductility by 15% [119].  
Table 3.3: Composition of the AZ31B magnesium block. 
 
 
 
 
 
 
Element Mg Al Zn Mn Fe 
(wt%) 94.8 3.71 1.05 0.355 0.0089 
Element Ni Si Ca Cu Other 
(wt %) 0.0017 0.0138 0.0014 0.0078 balance 
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Two sheets of 1mm thickness were cut from the AZ31B magnesium block by wire cut 
electric discharge machining (EDM) at two different orientations in respect to the 
sample coordinate as shown in Figure 3.4. Then, to prepare the sample shapes required 
for the tensile test and the bend tests, rough dimensions were first produced using a 
guillotine followed by a milling operation to cut the final sample shapes given in 
Figure 3.5. 
 
Figure 3.4: Geometry of the AZ31B magnesium cube and the two orientations cut for 
experimental analysis in respect to the sample coordinate. RD, ND and TD are 
sample coordinates representing rolling direction, normal direction and transverse 
direction, respectively. 
 
Figure 3.5: Orientation 1; C-axis perpendicular to sheet surface (a) Tensile sample 
(b) Bend sample and Orientation 2; C-axis parallel to sheet surface (c) Tensile 
sample (d) Bend sample. 
CHAPTER THREE 
46 
 
The magnesium block was prepared by hot rolling. This means that for Plate A the 
C-axis of the grains with hexagonal structure (HCP) was perpendicular to the sheet 
surface similar to the AZ31B-H24 sheet material. i.e., the C-axis was aligned with the 
sample thickness as shown in Figure 3.6 (a). The initial microstructure observed on 
the RD/ND face (i.e., shaded area in Figure 3.6(a)) of the sample was cut from plate A 
to observe the initial microstructure, as shown in Figure 3.6(b). Since this block was 
processed by hot rolling, its structure was twin free and exhibited a coarser grain size 
compared with the cold rolled AZ31B-H24 sheet. The average grain size of the AZ31 
magnesium cube was 34µm.  
 
Figure 3.6: (a) Plate A from the magnesium block and (b) initial microstructure 
obtained through the thickness. 
Plate B was made to generate an opposite condition to the C-axis of the HCP grains 
aligned with the sample surface, as shown in Figure 3.7(a). The microstructure on the 
face of ND/TD (i.e., shaded area in Figure 3.7(a)) of the sample taken from plate B is 
given in Figure 3.7(b). 
 
Figure 3.7: (a) Plate B from magnesium block and (b) initial microstructure obtained 
through the thickness. 
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3.3. Mechanical testing 
3.3.1. Tensile test 
Tensile tests were conducted using an Instron 5967 tensile testing machine with a 30kN 
load cell and a parallel reduced length of the standard AS 1391-1991 flat parallel 
reduced section specimens [120] given in Figure 3.8.  
 
Figure 3.8: Dimensions and geometry of the tensile test specimen. 
The test sample was clamped between the grips of the tensile tester after measuring 
the initial sample thickness, 𝑡𝑖 , and width,  𝑤𝑖. The gauge length was marked on the 
sample surface with an approximate length of 50mm by two points. A non-contact 
extensometer was then used to measure the exact distance between two marked points 
on the sample as the initial gauge length, 𝑙𝑖, and the video extensometer used to 
determine engineering strain, 𝑒, (mm/mm) during the test. The applied load, 𝐹, (N) is 
recorded by a 50 kN load cell. The test speed was 0.1mm/sec giving a strain rate of 
0.001/sec. Only samples cut perpendicular to the rolling direction were tested given 
that in the experimental roll forming trials the sheet was bent perpendicular to the 
rolling direction . A total of 3 specimens was tested for each condition and an average 
of three tests was reported.  
The engineering stress, 𝑆, (MPa) was calculated using the following equation; 
 
𝑆 =  
𝐹
𝑡𝑖 . 𝑤𝑖
 
(3.1) 
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Where, 𝑡𝑖 is the initial thickness and 𝑤𝑖 is the initial width of the middle region of the 
tensile samples. 
The engineering strain, e, and the engineering stress, S, were then transformed into 
true strain and true stress using Equations 1.2 and 1.3, respectively. 
 𝜀 =  ln(1 + 𝑒)     ( 3.2) 
 𝜎 = 𝑆 (1 + 𝑒)    ( 3.3) 
To describe the tensile behaviour for each sample direction tested, the Hook’s law was 
fitted to the elastic zone of the true stress-strain curve using the relation below. 
 𝜎 = 𝐸 .𝜀  ( 3.4) 
In above equation, E represents the linear slope of the elastic zone of the true stress-
strain curve. The offset yield stress, 𝜎0.2% , was determined as the intersection between 
the true stress-strain curve and the line parallel to its elastic slope displayed at 0.002 
strain (i.e. 0.2% offset strain) as shown in Figure 3.9. The ultimate tensile strength was 
determined by selecting the maximum stress value from the engineering stress-strain 
curve.  
 
Figure 3.9: Definition of yield stress, YP0.2%, Young's modulus, E, and elastic limit 
for AZ31 magnesium sheet along the transverse direction. 
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3.4. Bend forming 
3.4.1. Wiping bend test 
To determine the minimum formable bend radius, wiping bend tests were carried out 
with the bend test set up shown in Figure 3.10. The samples used for this test were 
75mm in length and 20mm in width and were formed to an angle of 90o for different 
bend radii starting from zero to 15mm. For this the magnesium strip was fixed with a 
blank holder and the bending arm rotated to bend the sheet.  
 
Figure 3.10: Schematic diagram of the wiping bend set up. 
Three tests were performed for each radius and failure visually determined as shown 
in Figure 3.11.  
  
Figure 3.11: As-received AZ31B-H24 sheet bent with a 2mm punch radius to 90o 
bend angle. 
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After that, photographs were taken of each sample as shown in Figure 3.12.  For all 
successfully formed samples, springback was analysed applying the CAD software 
package “SolidWorks 2014”. For this, the images were imported into SolidWorks and 
the bending angle (𝜃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ) after springback measured as shown in Figure 3.12. 
Since the bend angle under load is 90o, the springback angle ∆𝜃 was calculated as 
shown in Equation (3.5) and the Springback ratio determined using Equation (3.7) to 
enable the comparison with other bend forming tests. 
  𝑆𝑝𝑟𝑖𝑛𝑔𝑏𝑎𝑐𝑘, ∆𝜃 =  𝜃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 90  (3.5) 
  𝑆𝑝𝑟𝑖𝑛𝑔𝑏𝑎𝑐𝑘 𝑟𝑎𝑡𝑖𝑜 =  
Δ𝜃
90
  (3.6) 
The average out of three measurements was taken for each condition [129]. 
 
Figure 3.12: Springback investigation using optical image and SolidWorks. 
3.4.2. V-die bend test 
The V-die bending tests were conducted on a 30kN Instron machine with the tooling 
shown in Figure 3.13. The precision of the machine stroke and the load cell is 
±0.001 mm and ±2.5 N, respectively. This suited the low punch reaction forces, 
measured during bending of the magnesium sheet, which were below 100N. Two 
different punch radii of 5mm and 15 mm were tested as shown in Figure 3.13. With 
this tooling specimens oriented in 90o having a length of 75mm and a width of 25mm 
were used. Three samples were tested for each condition with a punch speed of 
1mm/min.   
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Figure 3.13: Schematic of the V-die bend test set up with a punch radius of (a) 5mm 
and (b) 15mm. 
To determine the maximum punch stroke allowed without coining the sample, pre-
tests were performed as previously described in [90]. To determine springback, the 
bend angle at the maximum punch stroke (under load) and the final bending angle after 
release were measured using an optical technique. For this, photographs were taken at 
maximum load and after release of the load as it has been done in [90]. Then the images 
were imported to SolidWorks to measure the included angle before and after 
springback as shown in Figure 3.14. 
 
Figure 3.14: V profile image used in CAD to measure the bending angle after 
release. 
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The difference between the included angle at maximum load, 𝜃𝑏 , and after release, 𝜃𝑎, 
was then calculated to determine the springback angle, as shown in Figure 3.15 and 
Equation (3.7). Finally the springback ratio was determined using Equation (3.8). 
  
Figure 3.15: Schematic of angles measured at maximum load and after release of the 
load to determine springback. 
 Springback angle,Δθ =  θa − θb         (3.7) 
 
 𝑆𝑝𝑟𝑖𝑛𝑔𝑏𝑎𝑐𝑘 𝑟𝑎𝑡𝑖𝑜 =  
Δ𝜃
𝜃𝑏
  (3.8) 
3.4.3. Channel bend test 
For the channel bending test an Erichsen Universal Sheet Metal testing machine 
(Model 145-60) in combination with the tool shown as a simplified drawing in Figure 
3.16 was used. In this test, a square punch with a width 𝐷𝑝 of 55mm and profile radius 
𝑟𝑝 of 6mm and a square die with profile radius 𝑟𝑑of 4mm were used. In general, the 
clearance between the punch and die is sheet thickness and 10% of sheet thickness 
[201]. But in this study clearance between the punch and die was 𝐶1 = 2.5𝑚𝑚 due to 
the limitation of the tool.  
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Figure 3.16: Channel bend test tooling used with Erichsen universal sheet metal 
testing machine [121]. 
Rectangular samples of 170mm length and 35mm width were first manually positioned 
and aligned on the bottom blank holder surface. The blank holder force was applied as 
the sheet was clamped between the top and bottom holder surfaces and the magnitude 
of the force remained constant throughout the forming operation. Then the punch 
moved up with a speed of 10mm/min to form the blank into shape with 40mm depth 
while the punch force, punch stroke and blank holder force were recorded. 
Note: Since magnesium alloys do not show high strain rate sensitivity at room 
temperature, the effect of strain rate was not considered in the bend forming study 
[202]. 
To measure springback and the curl radius, the same optical technique as used in the 
wiping bend test in Section 3.4.1 was used. To evaluate the two springback angles and 
the curl radius in SolidWorks, the points O, A, B, X, Y and Z were marked as shown 
in Figure 3.17. Point A was marked at the intersection of the channel profile and the 
line 10mm away and parallel to the bottom of the profile (OX). Then Point B, which 
is on the profile, was marked 20mm away from point A and the angle at the punch 
corner (𝜃𝑝) measured between OX and AB while the angle of the die corner (𝜃𝑑 ) was 
analysed between AB and YZ.  Curl was analysed as the radius, r, between A and B.  
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Figure 3.17: Cross section of the channel section indicating the method used to 
determine springback and curl [106] . 
After measuring the angle on the punch side (𝜃𝑝) and the die side (𝜃𝑑 ), the following 
equations (3.9) and (3.10) were used to determine the springback angles at the punch 
and die side, respectively. The springback ratio was calculated with Equation (3.11). 
 Punch Springback angle,Δθp =  𝜃𝑝 − 90
o        (3.9) 
 Die Springback angle,Δθd =  𝜃𝑑 − 90
o  (3.10) 
 Springback ratio = 
Δ𝜃
90
 (3.11) 
3.4.4. The development of a stand-alone pure bend test 
The major deformation mode in roll forming is bending and the previous studies 
suggest that material data extracted from a pure bend test provides material data that 
can be used in the roll forming process design [122]. All previously developed pure 
bend test arrangements are designed for use in combination with conventional sheet 
testing facilities. This type of equipment is generally not available in the roll forming 
industry and this chapter will focus on the development of a stand-alone pure bend test 
that can be used to analyse material behaviour at the shop floor. The functionality of 
the stand-alone bend tester for the material analysis will be confirmed by comparison 
of the test results with those generated by the conventional pure bend tests.  After 
proving the stand–alone bend tester concept, the test will be used to study the bending 
and springback behaviour of magnesium sheet for comparison with material behaviour 
in the roll forming process. A summary of bend tests previously developed is given in 
Table 3.4. 
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Table 3.4: Previous studies to obtain material data using a pure bending test. 
Reference  Maximum 
curvature, 
1/m 
Maximum 
strain, % 
Maximum 
load, N 
Material 
thickness, 
mm 
Figure 
Bend 
devices 
Duncan [123, 
124] 
28 0.9 500 0.67 1.18.a 
Weiss [125] 10 1 2800 2 – 5.6 1.18.b 
Yoshida 
[126] 
21 3 1200 0.42 – 1.75 1.18.c 
Abvabi [127] 15 1.5 3000 1-2 1.18.d 
The arrangement of these bending devices is shown in Figure 3.18. 
 
Figure 3.18: Various devices to analyse the material parameters via a bend test (a) 
Duncan [123, 124] (b) Weiss [125] (c) Yoshida [126] (d) Abvabi [127]. 
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The bend test set up introduced by Duncan et al. [123] enables testing of a maximum 
materials thickness of 1mm to relatively high curvatures but is limited to outside fibre 
strains below 0.9%. Weiss et al. [125] developed bending arms that can be fitted into 
an Intron sheet metal tester for the testing of material thicknesses between 2 and 5.6 
mm to small curvatures. The maximum reported outer fibre strains achieved with this 
test are around 1%.  Yoshida et al. [126] developed a cyclic pure bend set up to measure 
parameters for the prediction of material behaviour and springback during strain 
reversal. The equipment allows testing to a high curvature and outer fibre strain levels 
of up to 3 % but requires the use of strain gauges glued on both sides of the sample to 
determine forming strains. It, therefore, is too complex to be applied on a day to day 
basis for the material analysis on the shop floor.   
Abvabi A. [127] modified the test set up presented by Weiss et al. [125] to enable the 
testing of material thicknesses between 1 and 2mm. This enables testing to higher 
curvatures and outer fibre strain levels of up to 1.5% were reported depending on the 
material thickness. Nevertheless, as can be seen in Figure 3.18 (d), the test is still 
confined to an Instron sheet metal tester and therefore cannot be used for process 
monitoring in an industrial environment.  
Based on the bending arms introduced by Abvabi A. [127] a stand- bend tester was 
developed and commissioned in this study.  
The arrangement of the bend tester is shown in Figure 3.19. The sample was clamped 
by grips in the two bending arms. While one bending arm was fixed and connected to 
a load cell, the second arm was moved by a screw, driven by a stepper motor. The 
displacement of the bending arm and the applied forming force on the load cell are 
recorded in a data acquisition system.  
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Figure 3.19: Stand-alone pure bend tester for material analysis on the shop floor. 
A schematic of the test is shown in Figure 3.20 and the moment curvature characterist ic 
can be calculated from the load, F, and the displacement, ∆, of the bending arm.   
 
Figure 3.20: Schematic of the bend test set up; lower diagram shows the starting 
configuration, upper diagram is during the test. 
The bending moment at each end of the bend length is 
  𝑀𝑙 = 𝐹 ∙ 𝑏 ∙ cos (𝜃 + ∆𝜃)  (3.12) 
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If the test is conducted by moving the bending arms apart, the test-piece curves in 
towards the machine axis as shown in Figure 3.20 and the moment arm at the centre, 
𝑀𝑐, will be less than at the bending jaws. To correct the moment, the following relation 
was used [128]. 
  𝑀𝑐 = 𝑀𝑙 − 𝐹 𝑅(1 − cos(Δ𝜃))  (3.13) 
and to compensate for different sample widths, 𝑤, the moment was normalized using 
the relation, 
 𝑀𝑤 =
𝑀𝑐
𝑤
  (3.14) 
The change in bending angle, ∆𝜃, and the radius of curvature, 𝑅, of the sample are 
related; assuming that the arc length of the bend portion is unchanged and equal to 𝐿,  
one obtains, 
  𝐿 = 𝑅 ∙ 2∆𝜃   or   
1
𝑅
=
2∆𝜃
𝐿
  (3.15) 
To obtain a more accurate measure of curvature in the test a clip-on curvature gauge 
was used. This device is fully described in [125]. Figure 3.21 shows the schematic of 
the LVDT device. 
 
Figure 3.21: Schematic of LVDT device [125]. 
Recording 𝛿 and with 𝑐 = 14.15𝑚𝑚, the curvature (
1
𝑅
) can be obtained as; 
 𝛿 = 𝑅 − √𝑅2−𝐶2   (3.16) 
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 1
𝑅
=
2𝛿
𝑐2+𝛿2
   (3.17) 
The curvature measured for the 1mm thick AZ31B magnesium and 2mm thick DP900 
using the curvature gauge with the stand-alone bench tester and the GOM Aramis 
system is given in Figure 3.22. Magnesium sheet was bent up to 100mm displacement 
and the DP900 to 70mm. The results show that the curvature measured from the GOM 
is slightly higher than that measured by the curvature gauge for both materials, but the 
difference is only about 1 m-1.  
 
Figure 3.22: Variation of curvature measurement with GOM system and curvature 
gauge for DP900 and AZ31B magnesium sheet material. 
Equations (3.13) and (3.17) will be used to obtain the moment curvature diagram from 
the force displacement data recorded during the test. Material properties of the elastic 
region can be obtained from the elastic part of the moment-curvature data. For the 
elastic bending case, the outer fibre bending stress, 𝜎𝑏𝑒𝑛𝑑, and strain, 𝜀𝑏𝑒𝑛𝑑 , can be 
determined as below [99]. 
 
𝜎𝑏𝑒𝑛𝑑 =
6𝑀
𝑡2
 
(3.18) 
 
𝜀𝑏𝑒𝑛𝑑 =
𝑡
2𝑅
 
(3.19) 
 𝐸 =
𝜎𝑏𝑒𝑛𝑑
𝜀𝑏𝑒𝑛𝑑
 (3.20) 
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With this pure bending set up, 1mm thick magnesium specimens having a length of 
150mm and a width of 25mm were tested and three test repetitions were performed for 
each test condition with a displacement speed of 1mm/min. To investigate the 
springback angle in the pure bending test, the moment curvature diagram was obtained 
using the equation (3.14) and (3.17) and the captured curvature data before springback 
(
1
𝑅𝑏
) and after springback (
1
𝑅𝑎
) determined as shown in the Figure 3.23. 
 
Figure 3.23: Moment curvature diagram for DP780 material. 
Then equation (3.21) was used to determine the angle before springback 𝜃𝑏  and after 
springback 𝜃𝑎 by using the curvature data and the gauge length 𝐿. The springback was 
calculated by considering the difference between the two angles as given in 
Equation (3.25) and the springback ratio determined with Equation (3.26) and 
averaged. 
 Angle 𝜃𝑏 =  
180𝐿
𝜋
 
1
𝑅𝑏
 and  𝜃𝑎 =  
180𝐿
𝜋
 
1
𝑅𝑎
 (3.21) 
 Springback angle ∆𝜃 =  
180𝐿
𝜋
(
1
𝑅𝑏
−
1
𝑅𝑎
) (3.22) 
 Springback ratio 
∆𝜃
𝜃𝑏
=  
180𝐿
𝜋
(
1
𝑅𝑏
−
1
𝑅𝑎
) ∕ 𝜃𝑏  
(3.23) 
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3.5. Roll forming 
3.5.1. V-profile roll forming 
The V-profile shape similar to that formed in the V-die bending trials of Section 3.4.2 
was roll formed with an industrial type roll former and longitudinal strain in the strip 
edge measured during the test. In the roll former, all bottom shafts were fixed at the 
same vertical height and the top shafts were adjusted vertically to account for the 
material thickness. The roll gap was set to the material thickness with feeler gauges 
and spacers were used to centre the tooling properly on the shafts, as shown in Figure 
3.24. The shaft and spacer diameters were 48 and 80 mm, respectively. As the total 
shaft length was only 300mm and material strength was low, the shaft deflection was 
assumed to be negligible. 
 
Figure 3.24: Schematic of one stand in the conventional roll former [129]. 
All top and bottom shafts were driven by a centralised motor and a set of sprockets 
and chains. The inter-station distance was fixed at 305mm (Figure 3.25). It is possible 
to obtain different line speeds in the machine by changing the rotational speed of the 
centralised motor, however a constant line speed of 7.7mm/sec was used in all 
experiments, which were done without lubrication. There were five forming stations 
and a feeder to feed the material into the first forming station, as shown in Figure 3.25. 
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Figure 3.25: schematic side view of the industrial roll former [99]. 
The tooling was designed according to the “constant arc length” forming method 
where the length of the neutral line in the bend section remains constant throughout all 
forming passes, while the bend radius decreases gradually (Figure 3.26).  
 
Figure 3.26: Flower pattern for constant arc length roll forming. 
ANZ31B-H24 magnesium strips of 1000mm length and 50mm width were cut with a 
guillotine. After that the samples were annealed under same heat treated conditions, as 
previously described in Table 3.2 in an industrial furnace. As a first forming condition, 
a bending progression with a constant forming angle increment of 10° was chosen and 
the corresponding flower patterns for 5mm and 15mm final bend radius are given in 
Figure 3.27.  
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Figure 3.27: Flower pattern for the 10o-10o-10o-10o-10o forming sequence tested for a 
5mm and a 15mm final profile radius. 
To analyse the effect of changing the level of permanent longitudinal edge strain on 
springback and forming limits, a second bending progression including 10o-05o-05o-
15o-15o was additionally used. The corresponding flower pattern is given in 
Figure 3.28 for the forming of a 5mm and a 15mm profile radius. This is an uneven 
forming sequence with large forming angles formed in the first 2 forming passes 
followed by smaller forming steps in the subsequent forming stations. This is believed 
to lead to an increased longitudinal strain in the edge. 
 
Figure 3.28: Flower pattern for the 10o-05o-05o-15o-15o forming sequence for 
forming a 5mm and a 15mm profile radius. 
3.5.2. C-channel roll forming  
To roll form sections with tight radii and higher precision compared with that possible 
in the industrial roll forming machine, a new small scale laboratory roll forming 
facility was developed as part of this study. The C-channel profile shown in Figure 
3.29 was formed in this equipment. 
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Figure 3.29: C-channel profile. 
All top and bottom shaft vertical heights are adjustable to accommodate varying 
material thickness. Along with this adjustment, the motor height is also adjustable 
(Figure 3.30) to drive the gear at the 3rd station, which is connected by chains that run 
over sprockets fixed at the end of the shafts of each forming station (Figure 3.31). 
 
Figure 3.30: Schematic view of the motor connection with the 3rd forming station in 
the roll former. 
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Figure 3.31: A side view of a stand and the cross sectional view through the centre of 
the shaft. 
To design and optimise the roll forming process, COPRA-RF [130] was used. The C-
channel section was formed in eight forming stations with 10-degree bend angle 
increments.  The shaft length was 90mm and both the top and the bottom rolls were 
driven at variable speed to account for the diameter ratio between the top and the 
bottom rolls. The flower diagram for the process and a schematic of the roll former is 
shown in Figure 3.32 and Figure 3.33 respectively. 
 
Figure 3.32: Flower pattern for the C channel forming. 
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Figure 3.33: Developed mini roll former. 
A strip speed of 15 𝑚𝑚/𝑠ec was selected and the distance between the stations was 
150mm, which is the minimum possible distance. Pre-cut strips of 1000 mm length 
were fed into the roll former over a feeder and formed without the use of any 
lubrication. Different profile radii and bend angle of available tooling are listed in 
Table 3.5 and selected forming sequences in Table 3.6 were formed in the subsequent 
stations to determine the minimum formable profile radius. Different bend angle 
increments of 10o and 20o were formed. 
Table 3.5: Profile radii and bend angle of C channel forming tooling. 
Forming station Bend angle, degree Bend radius, mm 
0 0 flat 
1 10 18.8 
2 20 9.2 
3 30 6 
4 40 4.4 
5 50 3.44 
6 60 2.8 
7 70 2.34 
8 80 2 
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Table 3.6: Selected forming sequences to investigate the minimum formable radius 
in roll forming. 
 Forming sequence Final bend radius, 
mm 
1 0o 10o 20o 30o 40o 4.4 
2 10o 20o 30o 40o 50o 3.44 
3 10o 30o 40o 50o 60o 2.8 
4 10o 20o 30o 40o 60o 2.8 
3.5.3. Edge strain measurement 
Low strain (measuring up to 3%) strain gauges were used to measure longitudina l 
strain in the strip edge in the roll forming experiments. The edge strain was measured 
using single element TML strain gauges with 120Ω gauge resistance. The following 
procedure was applied.  
First the metal surface was cleaned with abrasive paper while using three chemicals to 
treat the surface at the same time. They were acetone, BC 710 conditioner and BN 820 
neutraliser, respectively. Then, the strain gauge was bonded onto the clean and dry 
surface with CN adhesive 1 mm away from the strip edge in the centre length of the 
1000 mm strip, as shown in Figure 3.34. After that, the two lead wires of the strain 
gauge were connected to a 120Ω equal resistance Wheatstone bridge with quarter 
bridge configuration, as shown in Figure 3.35. 
 
Figure 3.34: Location of the strain gauge on the sample used for roll forming. 
CHAPTER THREE 
68 
 
 
Figure 3.35: Bridging circuit used with the strain gauge. 
The bridging circuit was connected to an ALMEMO 2590-4S universal data logger to 
record the output data from the Wheatstone bridge, which produces a voltage output. 
During the forming process, the resistance of the strain gauge continuously changes 
due to the stretching and compression of the material, which produces unbalanced 
voltage outputs in the Wheatstone bridge. This voltage output is proportional to strain 
and can be converted into engineering strain using the relation 
 𝜀𝑒 =  
4×𝑉𝑜
𝑘×𝑉𝑖
   (3.24) 
where 𝑉𝑜 is the output voltage, 𝑘 is the gauge factor, which is provided by the strain 
gauge supplier and 𝑉𝑖 is the excitation voltage. 
3.5.4. Measurement of bow  
In this study bow was defined as the maximum height deviation of the center line of 
the formed sample from the straight, ideal product over the full length of the sample. 
To measure the longitudinal bow of the final roll formed sections, a portable BACES 
3D CMM (Coordinate measuring machine) arm (Figure 3.36) was used to analyse the 
outer surface coordinates.  
CHAPTER THREE 
69 
 
 
Figure 3.36:  3D CMM Arm [131]. 
The detected surface coordinates were then imported into the software package 
“Geomagic” and the outer surface aligned with the ideal section shape generated by 
SolidWorks. The longitudinal cross section along the symmetric centre of the sample 
was considered to determine bow, as shown in Figure 3.37.  
 
 
Figure 3.37: Definition of longitudinal bow in a V section. 
3.5.5. Measurement of springback 
It is assumed that the final bending angle under load corresponds to the profile of the 
bottom roll in the last forming station. Therefore, the springback can be calculated 
(Equation (3.25)) by considering the difference between the inner profile angle of the 
roll formed section, 𝜃𝑎, after release from the roll former and the final section angle, 
𝜃𝑏 , formed in the final forming station, as shown in Figure 3.38. The springback ratio 
is then calculated with Equation (3.23). 
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Figure 3.38: Definition of springback in V profile roll forming. 
 Springback, Δ𝜃 = 𝜃𝑎 − 𝜃𝑏  (3.25) 
 
 Springback ratio = 
Δ𝜃
𝜃𝑏
 (3.26) 
Springback in the roll formed C-channel section was calculated as the angle difference 
between the roll formed section, 𝜃𝑎, and the final forming angle, 𝜃𝑏 , in both side 1 and 
side 2 separately, as given in Figure 3.39. The resulting springback angles were then 
averaged (Equation (3.28)) and the springback ratio determined with Equation (3.29). 
 
Figure 3.39: Definition of springback for C channel roll formed section. 
 Springback, Δ𝜃𝑠𝑖𝑑𝑒1  = 𝜃𝑎 − 𝜃𝑏  (3.27) 
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 Average springback, Δ𝜃 =  
( Δ𝜃𝑠𝑖𝑑𝑒1 +  Δ𝜃𝑠𝑖𝑑𝑒2 )
2
 (3.28) 
 Springback ratio = 
Δ𝜃
𝜃𝑏
 (3.29) 
The formed angle, 𝜃𝑎, after release of the roll formed sections was measured manually 
using a protractor. Three readings were taken at three different locations of the roll 
formed section 300mm away from the front and the back ends to exclude end flare 
effects and then averaged. 
3.6. Measurement of forming strains 
3.6.1. Strain measurement after unloading 
Surface strain was measured in all bend and roll forming trials after release of the 
sample from the tooling using the AutoGrid® Compact system shown in Figure 3.40. 
This system allows measurement of surface strain with photos taken from four high 
resolution CCD cameras having 5.7 million pixels per snapshot. 
  
Figure 3.40: The AutoGrid Compact system [132]. 
For this, a 2mm square grid was first printed onto the sample surface with a grid stencil. 
This paint uses a mixture of black colour Paint GL (40g), Hardener GLH (3.2g), 
Thinner GLV (4g), Softener WM1 (0.04g) and Retarder SV1 (4g). After the particula r 
forming trial, four photos were taken from four cameras on the deformed area with the 
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AutoGrid compact system. Then using the AutoGrid software an initial point was 
defined manually in two photos to start detecting the grid on the sample. Finally using 
those detected points, the software calculated the distribution of major (Middle image 
of Figure 3.41) and minor strain over the bend radius of the roll formed section. To 
investigate the outer fibre strain over the bend length the section cut was selected at 
the middle of the sample, as shown in the left image of the Figure 3.41.  
 
Figure 3.41: AutoGrid scan of a roll formed section with 5mm forming radius 
showing major strain (mm/mm).  
The measured true major and minor strain for the 5mm forming radius of the roll 
formed section is shown in Figure 3.42. The average true major and minor strain values 
over the section were selected as the outer fibre major and minor strain after 
deformation. Minor strain shows the zero average strain value, which described the 
plane strain bending condition. 
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Figure 3.42: True major and minor strain measured over the bend radius of the roll 
formed section with the AutoGrid system. 
3.6.2. In-situ strain measurement 
A non-contact GOM Aramis system (Figure 3.43 ) was used to determine the strain 
distribution over the material thickness during the loading and the unloading of the 
sample in the V bending test.  
 
Figure 3.43: GOM Aramis System [133]. 
The sample surface through the thickness was painted with white background and a 
fine random black spray pattern as shown in Figure 3.44.  
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Figure 3.44: Random spray pattern on sample. 
For this, the Aramis system was calibrated first for the required volume of strain using 
the CP20/90/D11258 (ID: 388) calibration plate [133]. Then the cameras were brought 
into focus towards the cross section of the V-bending sample, as shown in Figure 3.45. 
 
Figure 3.45: The focused area of the V-die bend set up with the GOM system. 
After this step the recoding of images (one image per second) with the Aramis system 
and the movement of the punch were started at the same time. After finalising the test 
the strain at each forming stage was determined. The strain distribution over the 
material thickness was determined at maximum punch load and after release the load 
by performing a section cut, as shown in Figure 3.46. 
 
Figure 3.46: Section cut through the thickness of the bent sample at maximum punch 
load. 
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The strain measured over the sample thickness at maximum load and after release is 
shown in Figure 3.47. Assuming a linear distribution of strain, a line was fitted through 
the measurement points and the position of the neutral layer determined by finding the 
intersection with the line of zero strain.     
 
Figure 3.47: Strain distribution determined for material M1_C⊥_34 with thickness 
1.07 mm at 20 mm punch stroke in the V-die bend test with a10 mm bend radius 
punch (a) Strain distribution (rainbow colour) over the actual sample (black and 
white) thickness (b) measured strain before release the load (circle) and after release 
load (triangle) with linearly fitted curve before release the load (dotted line) and after 
release the load (dashed line). 
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3.7.  Microstructure investigation 
First to observe the initial microstructure of materials used in this study, 10mm long 
and 6mm wide samples were separated from each sheet and the microstructure 
determined using the through thickness surface as the target surface, as shown in 
Figure 3.48. 
 
Figure 3.48: Sample for initial microstructure observation over the thickness 
(shaded). 
Samples for texture measurement from bend forming and roll forming were sectioned 
using a diamond cut-off wheel. Samples were then cold mounted in epoxy resin. Fine 
grinding was performed using 1200grit SiC paper. This was followed by polishing 
with diamond polish using 9, 6, 3 and ¼ micron pads. The lubricants used in the 
polishing process were ethanol based to avoid oxidisation. Between stages, the 
samples were immersed in ethanol in an ultrasound bath.  
For optical observation, chemical polishing was accomplished by immersing the 
specimens in 10% nital solution (20ml nitric acid, 1.80ml ethanol) for 15-20 seconds 
to chemically remove fine scratches. Specimens were then etched with acetic picral 
(6g picric acid, 100ml ethanol, 5ml acetic acid and 10ml of water) for 5-10 seconds 
[134]. Finally, the surface was dried by a hair drier after etching. Optical micrographs 
were taken using an Olympus DP70 microscope fitted with a high resolution camera.  
For texture measurements with EBSD (Section 3.8.1.), the specimens were further 
mechanically polished with a colloidal silica slurry and etched with a solution of 10ml 
HNO3, 30ml Acetic acid, 40ml H2O and 120ml ethanol for 10-15 seconds [135].  
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The average grain size of the all materials was determined using the line intercept 
technique [136]. EBSD microstructure images were used in combination with the 
Channel5 HKL software [137]. Multiple horizontal and vertical lines were drawn on 
EBSD band contrast image and grain width was marked on each grain using lines, 
which are highlighted in two colours to identify adjacent grains in Figure 3.49. The 
software calculates the diameter of the grains using the length of each line and the 
average grain size is given. To obtain statistically reliable grain size measurements, 
around 1000 grains were analysed.  
 
Figure 3.49: Grain diameter is highlighted with the HKL software. 
3.8. Micro texture measurement 
3.8.1. Scanning electron microscope 
A field emission LEO 1530 SEM (Scanning Electron Microscope), equipped with the 
HKL technology CHANNEL 5 EBSD (Electron Back Scatter Diffraction) software 
was used to perform automated EBSD analysis. EBSD involves the capture of 
diffraction patterns from small volume elements of the material sample by a sensitive 
charge couple device (CCD) camera in a SEM [138]. The channel 5 EBSD software 
(HKL Technology, Denmark) was used for data acquisition, orientation maps and 
texture analysis. An outline of an EBSD system and the components of the EBSD 
system is given in Figure 3.50 and Figure 3.51. 
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Figure 3.50: Schematic of the Electron Back Scattered Diffraction system [138]. 
 
Figure 3.51: Components of the EBSD system [136]. 
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In the current study, the accelerating voltage was 20kV and the samples were observed 
at a working distance of 10-12mm using a conventional SEM stage and 18-20mm for 
the “In-situ” V-die bend stage (section 3.7.2). The aperture size was 60μm and the map 
step size fell in the range of 0.3-5μm, depending on the requirement.  
3.8.2. In-situ V-die bend test 
In order to analyse the deformation on a microstructural level, “in-situ” V-die bend 
tests were performed in within the SEM using the tooling shown in Figure 3.52. 18mm 
long and 5mm wide V bend samples were prepared with specific surface polishing 
(Section 3.7). The machine allows testing at ±10mm displacement at a rate that can be 
varied from 0.02 to 1.5mm/min forward and backward.  The load range is -5kN to 
+5kN. The jaws are moved symmetrically thereby displacing the punch and the die in 
equal amounts. At any time, it was possible to stop the test and to capture 
microstructure images. Interruptions were conducted by stopping the motor. As a 
consequence, the deformation was maintained constant during the stop and the sample 
tended to relax slightly. Each pause allowed the observation of several zones for the 
same level of punch stroke.  
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Figure 3.52: In-situ V-die bend set up with 1mm bend radius. 
The system has three main components: the mechanical testing unit, the digital data 
storage (DDS) controller and the heating/cooling unit as an integrated part of the 
controller. This machine is also small enough to be tilted in the SEM, which allows 
diffraction patterns to be recorded. The actual image and the schematic of the tilted 
SEM set up is shown in Figure 3.53 and Figure 3.54, respectively. 
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Figure 3.53: Actual in-situ V-die bend set up in the SEM. 
 
 
Figure 3.54: Schematic of in-situ V-die bend set up [136]. 
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4. Bending and roll forming behaviour of magnesium 
sheet 
4.1. Introduction 
The bending behaviour of magnesium sheet is of great significance for sheet metal 
forming applications and especially for estimating material behaviour in the ro ll 
forming process where the major deformation mode is that of bending [82, 139]. 
Understanding forming limits and springback behaviour on a microstructural basis will 
also help to develop new magnesium alloys with higher sheet formability.  
In the literature review of section 2.2.1, light weight AZ31 magnesium sheet was 
introduced and it was pointed out that this material promises significant weight 
reduction potential in automotive applications due to its significantly lower density 
[18, 19] compared with steel and aluminium. This is combined with reasonable 
strength leading to high specific strength and bending stiffness [23].  In section 2.7 it 
also became clear that the bending behaviour of magnesium sheet, which is highly 
anisotropic, is significantly different when compared with nearly isotropic materials 
such as steel [140]. The effect of material and process variables on the formability of 
magnesium sheet, in particular springback in bending, is not fully understood for room 
temperature forming conditions. Previous work suggests that the defects in bending of 
magnesium sheet can be optimised by varying the grain size [105] and through that the 
tension-compression asymmetry which affects the neutral layer position and 
springback in bending [13].  Nevertheless an experimental verification of the shift in 
neutral axis with grain size has not been performed so far and there is no systematic 
study on the effect of grain size on springback in bending of magnesium at room 
temperature. In addition, the tension-compression asymmetry is influenced by the 
C-axis orientation to the loading direction [141], but its effect on springback in bending 
is not well understood.  
Bending is the major deformation mode in roll forming and it was identified in section 
2.7 and 2.8 that magnesium sheet exhibits poor formability and high springback in 
bending and roll forming at room temperature [72, 142]. Previous research has mainly 
focused on improving the formability and reducing springback of AZ31 magnesium 
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sheet by forming at elevated temperatures [108, 143] and currently there is only limited 
understanding of the roll forming behaviour of AZ31 magnesium sheet at room 
temperature. Studies suggest that material behaviour in roll forming and simple 
bending can differ significantly but previous work was limited to steel [98], titanium 
[90] and aluminium [144] alloys while there is only limited fundamental understand ing 
of the forming limits and material behaviour of magnesium in bending compared with 
roll forming.  
The main objective of this chapter is to identify the effect of grain size and C-axis 
orientation on the springback behaviour of magnesium in bending at room 
temperature. A simple analytical model will be developed to predict springback in 
bending magnesium that includes the effect of the neutral layer shift or yield 
asymmetry. In addition, springback behaviour and forming limits in roll forming and 
bending will be experimentally investigated. Some previous studies have suggested 
that in roll forming, bending is generally combined with additional materia l 
deformation such as transverse and longitudinal tension [82]. Therefore various 
bending arrangements including pure bending as well as bending under applied tension 
will be analysed. This is to generate a fundamental understanding of the materia l 
behaviour of magnesium in the roll forming processes. 
This chapter first investigates the material limits and springback behaviour of AZ31 in 
simple bending and in the roll forming process. After this a systematic study on the 
effect of grain size and C-axis orientation on the forming and springback behaviour of 
magnesium sheet in bending is performed. This includes pure bending and bending 
under applied tension trials and for some cases the GOM Aramis optical strain 
measurement system is used to identify the effect of grain size and C-axis orientat ion 
on the shift in neutral layer position during bending and after release. Based on this a 
simple analytical model is developed that accounts for grain size effects and the effect 
of the tension/compression yield strength ratio on springback. At the end of this 
chapter roll forming trials are performed to help understand the effect of grain size on 
roll forming shape defects such as bow and springback and to compare the materia l 
behaviour of magnesium in roll forming to that observed in bending.  
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4.2. Methodology 
This chapter will start with the systematic study on bending and roll forming behaviour 
of AZ31 magnesium sheet at room temperature. To analyse bending behaviour the 
pure bend, V-die bend, channel bend and the wiping test were used.  
The pure bend test excludes any friction effects and the material response in form of 
the moment curvature diagram can be determined by simple equations. This can 
generate a fundamental understanding of the material behaviour of magnesium in 
bending and the analysis of material yield strength for material monitoring in the roll 
forming process. The strain levels achievable in the test are less than 1% [125, 145, 
146] and therefore not representative of industrial applications where significantly 
smaller curvatures are formed leading to strain levels above 10% [9, 146]. 
In the V-die bend test the magnitude of deformation is much higher than the free bend 
test [147] which enables the analysis of material and springback behaviour of 
magnesium sheet for strain levels that are comparable to those in industry. In addition, 
the final section shape formed is the same as will be roll formed in one of the roll 
forming operations described below. This will enable direct comparison of forming 
and springback behaviour between roll forming and bending of magnesium.  Different 
bend radii are tested to investigate the effect of forming strain on bending and 
springback behaviour.  
It is useful to study the bending behaviour with applied tension. The channel bend test 
represents the situation of bending under applied tension and gives a representation of 
the effect of an additional amount of strain applied during bending. Previous studies 
suggest that in roll forming in addition to the material being transversely bent, the strip 
edge is stretched in longitudinal direction. In addition the material may be drawn in 
transversely which may lead to transverse tensile stress; this can lead to redundant 
deformation and has been shown to affect bending and springback behaviour.  
To be able to directly compare V-die bending with roll forming behaviour, V shaped 
profile roll forming trials are conducted. Different forming sequences are tested that 
lead to different levels of redundant deformation in the strip. In addition, two different 
profile radii are roll formed to investigate the effect of forming strain on material and 
springback behaviour for comparison with the V-die bending trials. 
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To analyse forming limits in bending and roll forming, the minimum formable profile 
radius was measured in bending by performing wiping bend test and for roll forming 
by performing V- and C-channel roll forming trials.  
At the end of this chapter a simple analytical model is developed to predict the 
springback behaviour in AZ31B magnesium sheet in bending and roll forming. To be 
able to account for the asymmetric strains in bending magnesium sheet, the neutral 
layer shift due to yield asymmetry in tension compression is included in the model. 
For this the shift in neutral axis during V-die bending is measured using the GOM 
system. The model accuracy for springback achieved this way is compared with the 
literature.  
4.3. Experimental background   
4.3.1. Material 
The commercial magnesium alloy, AZ31B-H24 and AZ31B sheets and the heat 
treatment methods used to generate the various grain size and C-axis orientations were 
described in detail in section 3.2. The summarised material notations are given in Table 
4.1. 
Table 4.1: Material notations 
Material C-axis orientation Grain size, 
μm 
Notation 
AZ31B-H24 
sheet (M1) 
C-axis orientations about 90o 
deviated from the sheet surface 
 With pre-
existing 
Twins  
M1_TW 
Perpendicular to sheet surface  7 M1_C⊥_7 
Perpendicular to sheet surface 15.5 M1_C⊥_15 
AZ31B cube 
(M2) 
Perpendicular to sheet surface 34 M2_C⊥_34 
Parallel to sheet surface 34 M2_C∥_34 
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4.3.2. Wiping bend test 
The wiping bend tests were conducted using the experimental set up explained in 
section 3.4.3. The bend radii used in this test ranged from 1 to 15mm with 90o bend 
angle. For each radius, the bend surface area was observed visually to investigate the 
initiation of fracture and springback was determined as described in the section 3.4.3. 
4.3.3. Pure bend test 
The pure bend tests were conducted using the test procedure presented in section 3.4.4 
at room temperature. To achieve two different strain levels two displacements, ∆, of 
60mm and 100mm were used while measuring the through thickness strain with the  
GOM Aramis system. The methods used to analyse strain and the neutral layer shift 
are explained in the section 3.6.2. Springback was identified as the difference in 
curvature ∆(1 𝜌⁄ ) between the maximum curvature formed under load and the 
curvature after releasing the material back to zero force (Figure 4.1).  
 
 
Figure 4.1: Example for a moment curvature response in the pure bend test 
(measured for M1_C⊥_15) 
Since in section 2.5.5 (literature about springback equation) it has been shown that the 
springback angle ∆𝜃 is a function of the bend angle 𝜃𝑏 , a direct comparison of 
springback results determined for different bending angles is difficult and the specific 
springback (springback ratio = springback angle / bending angle) was determined.   
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4.3.4. V die bend test 
The V-die bend tests were performed and springback measured using the test 
procedure explained in section 3.4.2 at room temperature. Punch profile radii of 5mm 
and 15mm were formed to realize two different strain levels. To measure the strain 
through the thickness and the neutral layer shift of the sample, the GOM Aramis 
system was used as described in section 3.6.2. 
4.3.5. Channel bend test 
The channel bend tests were performed and springback analysed using the test 
procedure described in section 3.4.3. A punch profile radius of 𝑟𝑝= 6mm and a die 
profile radius of 𝑑𝑝= 4mm were used at room temperature. Tests were performed under 
two different blank holder pressures, 3kN and 6kN, to achieve two different levels of 
transverse tension.  
4.3.6. Roll forming trials 
Roll forming trials were performed on V and C shaped profiles as explained in section 
3.5. The C channel roll forming trials were conducted with the forming radii and 
bending sequences given in Table 3.6. The V-profile roll forming trials were 
performed using 5 forming stations with final profile radii of 5mm and 15mm for 
material M1_TW, M1_C⊥_7 and M1_C⊥_15. The two roll forming sequences tested 
are shown in Figure 4.2 (a) and (b) with the homogeneous and non-homogeneous bend 
angle increment respectively and  the relevant forming flower patterns are described 
in section 3.5.1. 
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Figure 4.2: Bend angle increment at each station for (a) forming sequence 1 (FS1) 
and (b) forming sequence 2 (FS2). 
Figure 4.3 shows a typical strain gauge meaurement, in this case achieved for forming 
sequence S1, showing the typical longitudinal edge strain maximum in each forming 
station. The elastic limit of the material formed is given as well and, if exceeded, 
indicates the initiation of plastic deformation of the strip edge in the longitudina l 
direction. 
  
Figure 4.3: Longitudinal edge strain distribution on the top surface near the edge for 
two strips measured for forming sequence, FS1. 
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4.3.7. Summary of outer fibre strain in bending and roll forming 
In sheet metal bending, the outer surface of the bent curvature gives the maximum 
outer fibre strain. Previous studies have shown that springback decreases with 
increasing bending strain and it is therefore important to analyse springback as a 
function of the bending strain. Therefore, for all bending and roll forming tests the 
results are presented with the percentage of maximum outer fibre strain calculated with 
equation (4.1). The equation has been explained in detail in section 2.6. 
 Maximum outer fibre strain, %,  𝜀𝑚𝑜𝑓 =  
𝑡
2∗𝑅
× 100   (4.1) 
where 𝑡 is the material thickness and 𝑅 the bend radius at middle of the thickness and 
the neutral axis is at the mid-plane.  
All process parameters and the calculated outer fibre strains are shown for the bending 
tests in Table 4.2 and for the roll forming trials in Table 4.3.  
Table 4.2: Bend forming process conditions and calculated outer fibre strain. 
  
Variable process 
parameter 
Process 
parameter 
value 
Bend 
radius, 
mm 
Maximum outer fibre 
strain, 𝜀𝑚𝑜𝑓 , % 
Pure 
bend 
Displacement 
60mm 75 0.7 
100mm 45 1.2 
V-die 
bend 
Punch stroke 
22mm 15 3.4 
20mm 10 5.1 
Channel 
bend 
Blank holder 
force 
3 and 6kN 6 8.2 
3 and 6kN 4 11.8 
In the channel bend test, the punch stroke selected was 40mm and a punch corner 
radius, 𝑟𝑝of 6mm and a die corner radius, 𝑟𝑑 of 4mm were formed in all tests.  
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Table 4.3: Roll forming process parameters and calculated outer fibre strain. 
Variable 
process 
parameter 
Process 
parameter 
value 
Bend forming 
sequence 
Bend 
radius, 
mm 
Maximum outer 
fibre strain, 
εmof, % 
Final 
forming 
shape 
C channel 
10o 20o 30o 40o 4.4 10.84 
10o 20o 30o 40o 50o 3.44 13.46 
10o 30o 40o 50o 60o 2.8 16.04 
V profile 
10o-10o-10o-10o-10o 
10o-5o-5o-15o-15o 5 9.7 
 
10o-10o-10o-10o-10o 
10o-5o-5o-15o-15o 
15 3.4 
4.38. Neutral layer shift 
The method used to measure strain through the thickness during loading and unloading 
in the pure and the V bend tests is presented in this section. The outer fibre strain was 
measured at the maximum load (Before release) and after releasing the load to zero 
(After release) for the conditions given in Table 4.4 and for the five different materials 
presented in Section 3.2.  
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Table 4.4: Process conditions for which outer fibre strain was experimentally analysed.  
  
Variable process 
parameter 
Maximum load achieved 
at value of, mm 
Bend radius, mm 
Pure bend Displacement 
60 75 
100 45 
V-die 
bend 
Punch stroke 
22 15 
20 10 
The neutral layer shift was determined by fitting a linear trend through the longitudina l 
strain measurements generated with the GOM system over the sheet thickness; this is 
described in Section 3.6.2.  
Note that the strain could not be measured at the sample edges due to practical issues 
of detecting strain at the very edge of 1.07mm thick sample, but this is not affecting 
the measurement of the neutral layer shift as the neutral layer is not positioned close 
to the edge. The undetectable distance varied from 0 to 0.3mm and was different 
between samples due to the facet size. 
4.4. Results  
4.4.1. Mechanical properties 
The tensile true stress – strain curves determined at room temperature are given in 
Figure 4.4 while the tensile properties are listed in Table 4.3. The material M1_TW 
shows the highest yield and ultimate tensile strength (UTS) combined with the highes t 
Uniform and Total Elongation. Similar results were presented by  Zhang et.al.[148] 
who suggested that cold rolling (leading to a high amount of twinning) improves the 
strength and ductility of magnesium by reducing the grain size [148, 149] which 
increases the flexibility of slip. The yield and the flow stress decrease with increasing 
grain size for the heat-treated samples of M1_C⊥_7 and M1_C⊥_15 which as shown 
in Section 3.2.1 has a microstructure that is free of twins; this effect has been reported 
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and the grain boundary can be treated as an interface barrier to dislocations which are 
gliding towards the grain boundary and will be trapped. As a result, subsequent 
dislocation pile up at the grain boundary leads to increasing stress [150] and is linked 
to formability of magnesium alloy AZ31 sheet [104].  
The flow curve of the M2_C⊥_34 sample shows very similar true stress strain 
behaviour compared with the M1_C⊥_15 sample.  This is only the case for testing up 
to a total tensile strain of 0.0285 strain, beyond which the flow curve of the M2_C⊥_34 
alloy drops below that of the M1_C⊥_15 material (Figure 4.4). 
 
Figure 4.4: True stress strain curves for material M1_TW, M1_C⊥_7, M1_C⊥_15, 
M2_C⊥_34 and M2_C∥_34. 
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Table 4.5: Mechanical properties of material M1_TW, M1_C⊥_7, M1_C⊥_15, 
M2_C⊥_34 and M2_C∥_34 material. 
Type of 
material 
Young’s 
modulus
, GPa 
YP0.2, 
MPa 
Elastic 
Limit, 
mm/mm 
Ultimate 
tensile 
strength, 
MPa 
Uniform 
elongation, 
mm/mm 
M1_TW 41.912 284.33 0.007 349 ± 5 0.15 ± 0.01 
M1_C⊥_7 37.543 176.67 0.005 300 ± 5 0.16 ± 0.01 
M1_C⊥_15 44.044 160.00 0.004 275 ± 5 0.13 ± 0.005 
M2_C⊥_34 38.292 162.00 0.004 235 ± 2.5 0.12 ± 0.01 
M2_C∥_34 39.961 55.33 0.001 255 ± 4 0.1 ± 0.005 
In general, material strength in magnesium decreases with increasing grain size since 
it increases the Schmid factor and leads to the activation of less slip planes and more 
twinning [141, 150]. For this reason the M2_C⊥_34 alloy should show lower stress 
levels compared with the M1_C⊥_15 material. The reason for the similar material 
strength between both alloys may be due to the aluminium content which is 1% higher 
in the M2_C⊥_34 compared with the M1_C⊥_15 (compare Tables 3.1 and 3.3). 
Previous studies revealed that the yield strength of magnesium alloys increases with 
the Al content due the increased volume fraction of Mg Al phase and 𝛼-Mg  [119] and 
this may have compensated for the lowered material strength due to the higher grain 
size in the M2_C⊥_34 compared with the M1_C⊥_15 alloy. On the other hand 
previous studies have shown that with changing grain size, not only the stress strain 
response in tension but also in compressive deformation changes; i.e., it may be that 
even though the tensile material strength is similar between M2_C⊥_34 and 
M1_C⊥_15, the compressive yield strength of the M1_C⊥_15 may be higher 
compared with M2_C⊥_34 as reported by Kim et al. [151].  
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Material M2_C∥_34 shows a sharp yield point followed by rapid work hardening and 
has a yield strength that is three times lower than the M1_C⊥_34 sample.  The elastic 
moduli determined were similar for all materials and ranged from 38 to 45GPa.  
4.4.2. Forming limits in bending and roll forming 
Figure 4.5 shows the springback determined in the wiping bend test and the roll 
forming (defined with symbols) trials for three sheet materials M1_TW, M1_C⊥_7 
and M1_C⊥_15 (defined with colours).  
 
Figure 4.5: Springback and minimum bend radius formable in wiping bend test and 
roll forming. 
The springback ratio reduced with the forming radius for all three materials in bending 
and roll forming. Also springback was significantly lower in roll forming compared 
with bending for the M1_TW material while the difference in springback between 
bending and roll forming was less obvious for M1_C⊥_7 and M1_C⊥_15 alloys. All 
materials showed lower formability in roll forming (MBR Roll forming) compared 
with bending (MBR Bending) as indicated by the arrows which highlight the Minimum 
Bend Radius (MBR) formable without fracture. In contrast previous studies performed 
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on a Ti-6Al-4V titanium alloy which is also an anisotropic material suggested higher 
formability in roll forming compared with bending. Nevertheless, no twinning was 
observed in this study  [93]. 
4.4.3. Springback behaviour of magnesium sheet in bending 
4.4.3.1. Pure bend test 
The springback ratios determine in the pure bend tests at room temperature are shown 
in Figure 4.6.  
 
Figure 4.6: Springback behaviour in pure bending (Low bending strain). 
The as received M1_TW sheet  shows the highest specific springback for both levels 
of forming strain. This can be related to its higher material strength compared with the 
other conditions (see Table 4.5). Springback decreases with increasing grain size for 
both levels of bend forming strain which, in the case of the M1_C⊥_7 and the 
M1_C⊥_15, can be related to an increasing material strength with decreasing grain 
size. However, significantly lower springback is observed for the M2_C⊥_34 alloy 
compared with M1_C⊥_15. Given that both materials show similar tensile stress strain 
behaviour for the levels of forming strain reached in both pure bending tests 
(Figure 4.5) similar springback would have been expected. The M2_C∥_34 alloy with 
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the C-axis oriented parallel to the sheet direction shows similar springback compared 
with the M2_C⊥_34 material even though the stress strain behaviour in tension of both 
materials is significantly different (Figure 4.5).   
4.4.3.2. V-die bend 
The springback ratios determined in the V bend test are shown in Figure 4.7.  
 
Figure 4.7: Springback behaviour in V-die bending (High bending strain).  
Similar to the pure bend tests, the as received M1_TW shows the highest level of 
springback from all alloys and springback decreases with increasing grain size. 
Nevertheless the difference in springback between the M1_C⊥_15 and the 
M2_C⊥_34 alloys appears to be lower compared with that observed in the pure 
bending trials (Figure 4.6). Springback reduces for all alloys with increasing level of 
outer fibre strain and, similar to the pure bend test, similar levels of springback are 
observed between alloys M2_C⊥_34 and M2_C∥_34.  
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4.4.3.3. Channel bend 
Similar to the previous bending tests also in  channel bending, springback reduces with 
increasing grain size and decreasing bend radius (increasing outerfibre strain) (Figure 
4.8). Lower springback is observed in the die radius, 𝑟𝑑 (= 4mm) in comparison with 
the punch corner radius, 𝑟𝑝 (= 6mm). Applying a higher level of tension  by increasing 
the blankholder force from 3 to 6kN leads to lower springback in the punch corner 
radius section but no significant change in springback is observed in the die corner 
radius.  
 
Figure 4.8: Springback in the punch and the die corner in channel bending for 3 and 
6kN blank holder force. 
The sidewall curl radius measured for different levels of tension in the channel bending 
trials is given in Figure 4.9. It can be observed that the curl radius slightly increased 
with increasing tension applied. There is also a significant increase in the curl radius 
with increasing grain size.  
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Figure 4.9: Curl radius at side wall of the channel bend samples for blank holder 
force of 3 and 6kN. 
4.4.3.4. Roll forming 
Longitudinal edge strain 
The maximum longitudinal edge strain measured in each station is given in Figure 4.10 
for forming sequence 1 (FS1) and forming sequence 2 (FS2) for the forming of  
M1_C⊥_7 and M1_C⊥_15 to a final profile radius of 5mm. 
 
Figure 4.10: Maximum longitudinal edge strain distribution at each station for final 
forming radius of 5mm. 
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For both alloys, edge strain gradually increases from station 1 to 3 after which it 
reduces to a lower level in the last 2 stations (4 and 5). In stations 2 and 3 longitudina l 
edge strain only slightly exceeds the elastic limit for M1_C⊥_7 while materia l 
M1_C⊥_15 shows plastic longitudinal deformation in the egde in station 2-5. A 
different trend can be seen for FS2 where material M1_C⊥_7 only shows longitudina l 
deformation in the plastic range in station 4. In contrast for  M1_C⊥_15 longitudina l 
edge strain is beyond the plastic limit in stations 2-4 similar to what has been observed 
for forming sequence FS1. For both materials the overall level of edge strain is lower 
in stations 2-3 compared with FS1 but significantly higher in station 4.   
A slightly different trend for longitudinal edge strain was observed when forming the 
15mm profile radius as shown in Figure 4.11.  
 
Figure 4.11: Maximum longitudinal edge strain distribution at each station for a final 
profile radius of 15mm. 
For both alloys, forming sequence FS1 gives the highest longitudinal edge strain in 
station 2 where the elastic limit is clearly exceeded; this is then followed by a decrease 
in edge strain in the subsequent stations. While for M1_C⊥_7 the elastic limit is 
exceeded in stations 2-4 for alloy M1_C⊥_15 the peak strain is clearly above the 
elastic limit in stations 2-5. For forming sequence FS2 the level of longitudinal edge 
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strain is significantly lower compared with FS1 for all stations when the 15 mm profile 
radius is formed. While edge strain levels stay mostly below the elastic limit of the 
M1_C⊥_7 material they exceed the elastic limit of  M1_C⊥_15 in stations 2-5 but to 
a much lesser extend than compared with forming sequence FS1.  
Longitudinal bow  
The level of longitudinal bow after forming the 5 and 15mm profile radius is shown in 
Figure 4.12 (a) and (b) respectively for both forming sequences and alloys.  
 
Figure 4.12: Longitudinal bow measured for (a) 5 and (b) 15mm forming radius. 
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Bow was higher for the 5mm profile radius (Figure 4.15 (a)) compared with the 15mm 
profile radius (Figure 4.15 (b)) irrespective of material and the forming sequence. For 
both forming radii, bow was higher for forming sequence FS2 compared with 
sequences FS1 and for Alloy M1_C⊥_15 compared with M1_C⊥_7.    
Springback  
The springback observed for the M1_C⊥_7 and M1_C⊥_15 alloys are given in Figure 
4.13 for the two profile radii formed and the two forming sequences. Springback 
decreases with the profile radius formed, i.e., with increasing outer fibre strain.  For 
forming sequence FS2, springback is lower compared with FS1. In addition and simila r 
to the previous bending results springback is higher for alloy M1_C⊥_7 compared 
with material M1_C⊥_15  independent of forming sequence used and profile radius 
formed.   
 
Figure 4.13: Springback variation in roll forming depending on the profile radius and 
forming sequence for materials M1_C⊥_7 and M1_C⊥_15. 
4.4.4. Shift of neutral axis in magnesium sheet bending 
In the pure bending test a very small shift of the neutral layer is observed which further 
decreases after release of the forming load due to springback (see Figure 4.14). The 
shift for the loaded condition increases with the outer fibre strain, i.e., decreases with 
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the radius of curvature that is formed. There seems to be a clear increase in neutral 
layer shift with increasing grain size from 7 to 34μm  (see Figure 4.14. (a) and (b)). 
The change in C-axis orientation from perpendicular (M2_C⊥_34) to parallel 
(M2_C∥_34) to the sheet surface direction leads to a similar overall shift in neutral 
layer for both materials but in opposite directions.  
 
Figure 4.14: Neutral layer shift before and after release for (a) 1.2% and (b) 0.7% 
outer fibre strain. 
The V-die bend tests represents the forming conditions at a higher strain level. While 
in pure bending the overall level of outer surface strain is closer to the elastic plastic 
transition, in the V-die bend test material deformation is well within the plastic range. 
CHAPTER FOUR 
103 
 
Similar to the previous pure bend test results the shift of the neutral layer position 
increases with the grain size and is higher for smaller bending radii , i.e., a higher outer 
fibre strain formed. The re-orientation of the C-axis only influences the direction of 
the neutral layer shift but does not seem to influence its overall magnitude. However, 
for a V-bend profile radius of 15mm alloy M2_C∥_34 with the C-axis oriented parallel 
to the sheet surface direction a slightly higher shift in neutral layer position can be 
observed compared with the material with the C-axis oriented perpendicula r 
(M2_C⊥_34) to the sheet surface.  
 
Figure 4.15: Neutral layer shift before and after release for (a) 3.4% and (b) 5.1% 
outer fibre strain. 
CHAPTER FOUR 
104 
 
4.5. Discussion 
4.5.1. Springback behaviour in bending 
The tensile test (section 4.4.1) reveals that the mechanical properties are affected by 
pre-existing twins, the grain size, the orientation of the C-axis, and the Al content of 
the alloy. The twinned, as received M1_TW alloy shows the highest springback in all 
bend tests and this may be related to its yield strength which is significantly higher 
when compared with all other alloys tested (see Figure 4.17). Nevertheless, previous 
studies performed at 150oC on samples showing various levels of twins introduced by 
pre-straining in compression suggest that springback in magnesium increases with the 
number of pre-existing twins [152]. Given that dynamic recrystallization in 
magnesium generally does not occur below 200oC, the authors concluded that the 
increase of springback with pre-existing twins observed in V-die bending may be due 
to de-twinning effects. This was based on microstructural analysis performed after pre-
straining in compression and after release from the tooling after V-die bending trials. 
The authors observed that in the compression region of bent samples new twins 
emerged and while in the tension region twins disappeared; in this way, the amount of 
de-twinning increased with increasing level of pre-existing twins. De-twinning 
processes are similar to the twinning processes but require less stress for activation due 
to the existing twins; in addition, no nucleation is required [153]. Therefore during 
unloading, de-twinning is easily activated which reduces the tension compression yield 
asymmetry and through that increases springback.  Nevertheless, in their study the 
authors neglected the fact that with increasing compressive pre-deformation and 
twinning, the material strength increases which by itself leads to increasing springback 
which is why the influence of de-twinning on springback in magnesium is still 
unresolved. De-twinning was also observed in compression–tension tests performed at 
room temperature where twins that were created in compression disappeared 
completely during the subsequent tensile step [154].  
The bend tests performed on M1_C⊥_7 and M1_C⊥_15 alloys indicate that 
springback in bending magnesium decreases with increasing grain size and some 
literature [104, 109] suggests that this is mostly due to a decreasing tensile yield 
strength with increasing grain size. This hypothesis does not satisfy the trends 
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observed when comparing springback between materials M1_C⊥_15 and M2_C⊥_34. 
Here both materials show similar tensile yield strength but springback is lower in 
M2_C⊥_34.  Springback in bending can be related to the level of the bending moment 
at release and in general a higher bending moment leads to a higher change in 
curvature, ∆
1
𝜌
 (i.e. higher springback). For this reason the moment curvature diagrams 
for pure bending to an overall curvature of 22.5 mm are shown in Figure 4.16. It 
becomes clear that there is a higher bending moment for M1_C⊥_15 compared with 
the M2_C⊥_34 and that this results in higher springback; this is despite the simila r 
material properties both materials show in the tensile test. 
 
Figure 4.16: Bending moment variation for the material with different grain size and 
orientation. 
All bend tests performed on the M2_C∥_34 and the M2_C⊥_34 alloy suggests that the 
change of C-axis orientation in this study does not influence springback. This is despite 
the fact that M2_C∥_34 has significantly lower yield strength in tension compared with 
alloy M2_C⊥_34 (almost 3 times lower). Based on this higher springback would have 
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been expected for alloy M2_C⊥_34 compared with alloy M2_C∥_34 given that 
springback in sheet metal forming generally increases with material strength.  
As shown in the pure bending results of Figure 4.17, in bending the difference in 
material strength is significantly less between both materials. This becomes clear in 
Figure 4.18 where the yield strength measured in tension is compared with that 
determined in pure bending for all alloys. While in tension the M2_C⊥_34 alloy shows 
a material yield strength that is almost 3 times higher compared with that observed for 
material M2_C∥_34, its bending yield is only up to 1.27 times higher. This may explain 
to some extent the very similar springback observed for both materials in all bend tests 
despite their significant differences in material strength suggested by the tensile test. 
 
Figure 4.17: Comparison of the bending and tensile yield strength for all material. 
The difference between the material’s strength in tension and in bending may be 
explained by the material’s yield strength ratio between tension and compression. 
Previous studies on the bending of AZ31 magnesium sheet have shown that springback 
decreases with increasing yield asymmetry between tension and compression which 
increases with grain size [151]. This is mainly due to a change in the dominant 
deformation mode which is slip in tension and mostly twinning in compression.   
In bending both tension and compression deformation occurs in the outer and the inner 
surface respectively and Huang et.al. [13, 155] observed more (101̅2) twin dominant 
deformation in the inner bend (compressed) compared with the outer (stretched) 
surface which mostly deformed by prismatic slip.  
Previous studies on the bending of pure aluminium have revealed that a mismatch in 
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yield strength between the tension and the compression bending zone, due to residual 
stress, can significantly influence the yield stress in bending and lead to significant 
differences in yield stress measured in bending compared with that identified in tension 
[156]. A similar observation was made for the bending of pre-strained and aged steel 
and confirmed by a simple analytical model [157]. This suggest that both the yield 
strength in tension and compression, i.e., the yield mismatch between tension and 
compression need to be considered when evaluate springback in magnesium. 
In addition, the channel bend tests revealed that the springback decreases with 
increasing applied tension (see Figure 4.8). A previous study [106] on channel bending 
also confirmed that the increase of blank holder pressure, which increases the tension 
on the sample, reduces the springback at room temperature. As the tension level 
increases when bending magnesium, deformation in the compression region may 
change from compression to tension. This may decrease the deformation asymmetry 
between the tension and the compression bending zone and through this may reduce  
springback. Further microstructure analysis will be performed in Chapter 5 to confirm 
this hypothesis. Also the side wall region of the channel bend sample indicate that the 
curl radius increased with increasing applied tension level (Figure 4.9). The reason for 
this is still unclear and may require further microstructure analysis which will be 
performed in Chapter 5.   
4.5.2. Effect of the neutral layer shift on springback 
As discussed above, during bending the outer surface of the sheet is under tensile and 
the inner under compressive stress. If there is a yield mismatch between tension and 
compression this should result in a shift of the neutral layer position during bending. 
However, even though some previous studies performed at elevated temperature 
suggest that the yield strength mismatch between the tension and the compression yield 
results in the shift of neutral layer towards the tension region [155] this has not been 
experimentally verified for different levels of grain size at room temperature. 
The springback measured for all alloys in the pure and the V-bending test is shown as 
a function of the shift of the neutral layer determined in Section 4.4.4 in Figure 4.18 
and Figure 4.19 respectively.  All alloys with the C-axis oriented perpendicular to the 
sheet surface show a shift of the neutral axis towards the tension side and this confirms 
previous suggestions made by Wang et.al. [152]. Thereby the level of shift increases 
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with grain size. For the M2_C∥_34 alloy the situation is different, here the neutral axis 
is shifted towards the compression side (negative neutral layer shift). This could 
suggest that due to the change in C-axis orientation the deformation mechanisms in 
the tension and compression zones of the M2_C∥_34 alloy may have changed or have 
been reversed.  While there is a significant difference in neutral layer position between 
M2_C∥_34 and M2_C⊥_34, the effect on springback is small. The yield mismatch in 
magnesium has been analytically investigated by Yin et.al. [11] for different C-axis 
orientations and it was suggested that the compression/tension yield mismatch 
increases from 0.84  to 1.29 when the orientation of the C-axis was changed from 
perpendicular to parallel to the loading direction. This and the resulting shift of the 
neutral layer position would suggest a significant influence on the bending moment 
and through that springback which is opposite to what is shown in Figures 4.19 and 
4.20.   
 
Figure 4.18: Variation of the neutral layer shift and springback with grain size and 
C-axis orientation at pure bending. 
CHAPTER FOUR 
109 
 
 
Figure 4.19: Variation of the neutral layer shift and springback with grain size and C-
axis orientation in V-die bending. 
For all alloys with the C-axis oriented perpendicular to the sheet surface, springback 
decreases with increasing shift of the neutral layer to the tension side, i.e., with 
increasing grain size. Comparison with Figure 4.17 suggests that an increase in grain 
size and though that a shift of the neutral layer towards the tension side reduces the 
bending moment and through that springback. In contrast the M2_C∥_34 alloys shows 
a shift of the neutral layer towards the compression side. Based on Figure 4.17 this 
leads to a lower bending moment compared with the M2_C⊥_34 material for the same 
grain size. The effect of springback is however small which may be due to twinning 
effects. Further investigation is needed to understand how the deformation mechanism 
and in particular the twinning behaviour change if the C-axis orientation is changed. 
This will be part of Chapter 5. 
Figures 4.19 and 4.20 further show that the neutral layer shift increases with increasing 
forming strain, i.e., decreasing radius that is formed leading to reduced springback. A 
similar observation was made by Wang et.al. [105] who conducted bending 
experiments at 100oC temperature and for different punch radii. By estimating the 
neutral layer shift on the basis of thickness measurements performed before and after 
forming, the study concluded that the neutral layer shift reduces with increasing punch 
radius which leads to elevated springback. It was also found that an increase of the 
forming temperature resulted in the reduction of the neutral layer shift due to increased 
slip deformation; this would reduce the yield asymmetry. This also resulted in reduced 
material strength and through that decreased springback despite the reduced shift of 
the neutral axis.    
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4.5.3. A simple analytical model of anisotropic bending 
Above results have experimentally shown that the reduction in springback with 
increasing grain size in magnesium is due to an increasing tension/compression yield 
mismatch and the resulting shift of the neutral axis. In the current section a simple 
analytical equation will be constructed to estimate springback based on the 
compression/tension yield mismatch and the resulting shift in the neutral axis. While 
several models [158-160] exist to estimate springback for isotropic materials there are 
only a few that were developed for magnesium [161, 162]. Models that exist in the 
literature tend to be complex and not suited for assessment of moments and springback 
in technological process design. Therefore the model developed here is an extension 
of the often quoted [99] traditional relation for springback.  
 
∆𝜃 ≈ −3
𝑆
𝐸′
∙
𝑅
𝑡
 𝜃 
(4.2) 
In equation 4.2, ∆𝜃 is the springback angle, 𝑆 is the plane strain plastic bending stress, 
𝐸′ is the modulus of elasticity for plane strain, 𝑅 is the bend radius at the neutral layer, 
𝑡 is the thickness of the sheet and 𝜃 is the bend angle. 𝑆 =
2
√3
𝑌0.2%  and 𝐸
′ =
𝐸
1−𝜐2
 can 
be calculated by using the measured 0.2% yield strength, 𝑌0.2%, the Young’s modulus, 
𝐸 and 𝜐 = 0.35 which is Poisson’s ratio. Geometric parameters are given in the Figure 
4.20. 
 
Figure 4.20: A unit length of a continuous strip bent along a line. 
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The assumptions here are; 
 The material behaves in an elastic, perfectly plastic manner  
 That bending is fully plastic and 
 Unloading is linear and elastic 
 That the von Mises yield condition applies. 
These assumptions may or may not be justified and as the predicted springback may 
be different from that observed, a correction factor, η, is often applied. 
This simple analytical model will be extended to predict springback for anisotropic 
materials by including the yield asymmetry of the material and the neutral layer shift.  
 
The springback values determined with Equation 4.3 for the five magnesium alloys 
with the material parameters given in Table 4.6 and Table 4.7 are shown in Figure 
4.21. The results are compared with the experimental springback results obtained in 
the V-die bending tests with a 10 and a 15 mm bend radius giving maximum levels of 
outer fibre strain of 5.1 and 3.4 % respectively. The best fit was achieved with a 
correction factor of 𝜂 = 1.63 which corresponds well with previous studies that aimed 
at AHSS [98]. It can be observed that only a poor fit is achieved especially for the 
magnesium alloy with the C-axis parallel to the sheet surface.  The observed deviation 
is most likely due to Yield asymmetry effect and the next section will focus on 
including this in the model.  
 
∆𝜃 = −3𝜂
𝑆
𝐸′
∙
𝑅
𝑡
 𝜃 
(4.3) 
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Figure 4.21: Comparison of measured springback and that estimated based on the 
isotropic model (Equation 4.3) with correction factor, 𝜂 = 1.63  for the V-die bend 
test at 3.4% (15 mm bend radius) and 5.1% (10mm bend radius) maximum outer 
fibre strain. 
Part 1. Bending 
The plane strain tension compression properties given in Figure 4.22 and yield stress 
in tension is, 𝑆, and in compression is, 𝜆𝑆. The elastic modulus is, 𝐸, and assumed to 
be the same in tension and compression (Figure 4.22). This assumption has been 
confirmed in previous studies [161].  The factor 𝜆 defines the compression/tens ion 
yield asymmetry of the material depending on the C-axis orientation. 
0 < 𝜆 < 1  for materials having C-axis oriented  perpendicular to sheet surface  
1 < 𝜆   for the materials having the C-axis oriented parallel to sheet surface [163].  
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Figure 4.22: Material behaviour in plane strain.  
In fully plastic, plane strain bending, the stress distribution on a unit width of the strip 
is given in Figure 4.23 where the sheet thickness is defined by the x-axis while the 
stress is given in y-direction. The sheet is bent to the fully plastic condition and the 
neutral axis shifted towards the tensile region (C-axis perpendicular to the sheet 
surface) by a distance, 𝑒𝑡, from the mid surface. (Note: the neutral layer is shifted 
towards the compression region if the C-axis is oriented parallel to the sheet surface). 
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Figure 4.23: Plane strain stress distribution in bending a unit width of strip 
The force resulting from the tensile stress is, 𝑆𝑡 (
1
2
− 𝑒), and that resulting from the 
compressive stress is, −𝜆𝑆𝑡 (
1
2
− 𝑒). If there is no axial force on the strip, these forces 
must be equal and in equilibrium, hence the axial force is zero, i.e. 
 
𝑆𝑡 {(
1
2
− 𝑒) −  𝜆 (
1
2
+ 𝑒)} = 0 
(4.4) 
 1 − 2𝑒 − 𝜆 − 2𝑒𝜆 = 0 (4.5) 
 (1 − 𝜆) − 2𝑒(1 + 𝜆) = 0 (4.6) 
 𝑒 =
1−𝜆
2(1+𝜆)
  (4.7) 
 
𝜆 =
1 − 2𝑒
1 + 2𝑒
 
(4.8) 
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The forces on the section in Figure 4.23 form a couple in which the moment arm, 𝑎 is, 
 
𝑎 =
1
2
(
𝑡
2
− 𝑒𝑡) + 
1
2
(
𝑡
2
+ 𝑒𝑡) =
𝑡
2
 
(4.9) 
This moment arm, 𝑎 is half of the sheet thickness and it is independent of the state of 
anisotropy (i.e. a moment applied from the middle of the thickness of an anisotropic 
sheet material). The fully plastic moment is determined from Figure 4.23 by 
considering the unit width. This is valid for the whole range of yield ratios, 𝜆 (>0).  
The moment = 𝐹. 𝑎 , on the section is then: 
 M= 𝑆𝑡 (
1
2
− 𝑒) .
𝑡
2
=
𝑆𝑡2
4
{1 − 2𝑒} =
𝑆𝑡2
4
{
2𝜆
1+𝜆
} (4.10) 
Part 2. Springback 
To unload the sheet, a change in moment, 
 ∆𝑀 = −𝑀 (4.11) 
is required. 
For convenience and to preserve simplicity, it is assumed that the change in curvature 
follows the relation for elastic bending for which the basic equation in differential form 
is given by, 
 ∆𝑀
𝐼
= 𝐸′ . ∆ (
1
𝑅
) 
(4.12) 
Where, 𝐼, is the second moment of inertia of a strip of unit width,  𝐼 = 𝑡3 /12.  
Assuming that there is no extension along the mid-surface, i.e., 
 ∆(𝑅. 𝜃) = 0 (4.13) 
and 
 
∆𝜃 =. ∆ (
1
𝑅
) 𝑅. 𝜃 
(4.14) 
Combining equations (4.10), (4.12) and (4.14), a simple model is developed that 
includes the effect of the yield asymmetry on springback.  
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∆𝜃 ≈ −3 {
2𝜆
1 + 𝜆
}
𝑆
𝐸′
 
𝑅
𝑡
 𝜃 
(4.15) 
Equation (4.15) is a rough approximation that assumes that the sheet has been bent to 
a nearly fully plastic state. The correction factor, 𝜂 therefore needs to be applied and 
tuned by comparison with the experimental results.   
 
∆𝜃 = −3𝜂 {
2𝜆
1 + 𝜆
}
𝑆
𝐸′
 
𝑅
𝑡
 𝜃 
(4.16) 
The Equation (4.16) can be modified to include the neutral layer shift by replacing the 
yield asymmetry, 𝜆 =
1−2𝑒
1+2𝑒
 (Equation (4.8)) with the neutral layer shift, 𝑒. In the case 
of 𝜆 > 1 the neutral layer shift in the opposite direction which needs be considered 
(i.e. direction of the neutral layer shift from the middle of the thickness; positive 
neutral layer shift towards tension region and negative shift towards compression 
region). 
 
∆𝜃 = −3𝜂(1 − 2𝑒)
𝑆
𝐸′
 
𝑅
𝑡
 𝜃 
(4.17) 
Given the nature of the assumptions and simplifications in the model derived, its utility 
can only be determined by comparing the results with experiment. 
Note: Results are presented in terms of springback ratio as given in equation (4.18) 
and (4.19) including yield asymmetry and neutral layer shift respectively. 
 ∆𝜃
𝜃
= −3𝜂 {
2𝜆
1 + 𝜆
}
𝑆
𝐸′
 
𝑅
𝑡
  
(4.18) 
 ∆𝜃
𝜃
= −3𝜂(1 − 2𝑒)
𝑆
𝐸′
 
𝑅
𝑡
  
(4.19) 
4.5.4. Model Validation 
The derived model will be used with the experimental data given in the Table 4.6, 
Table 4.7 and Table 4.8 to best fit model. All values given here are averaged from 
three tests. 
 
CHAPTER FOUR 
117 
 
Table 4.6: Calculated plane strain yield strength, 𝑆 and Young’s modulus, 𝐸′ based on 
the measured yield strength and Young’s modulus given in Table 4.5 and forming 
angles, θ for particular strains for all materials. 
Material 
𝑆, 
MPa 
𝐸′, 
GPa 
θ, degree 
 
0.7 1.2 3.4 5.1 
M1_TW 328.32 47.76 29.16 52.10 99.84 99.84 
M1_C⊥_7 204.00 42.78 31.48 53.12 99.80 99.80 
M1_C⊥_15 187.06 50.19 29.18 41.37 100.16 100.16 
M2_C⊥_34 184.75 43.64 29.44 51.65 99.32 99.32 
M2_C∥_34 63.89 43.64 29.95 55.14 100.30 100.30 
Table 4.7: Bend radius to the middle of the sample and thickness for particular strains 
for all materials. 
Material 
 
𝑅, 
mm 
𝑡, 
mm 
Strain% Strain% 
0.7 1.2 3.4 5.1 0.7 1.2 3.4 5.1 
M1_TW 79.14 44.52 16.04 11.17 1.06 1.06 1.07 1.07 
M1_C⊥_7 73.35 43.66 16.04 11.16 1.06 1.00 1.07 0.98 
M1_C⊥_15 79.08 55.90 16.35 11.23 1.07 0.99 1.03 0.85 
M2_C⊥_34 78.43 44.82 15.81 10.98 1.07 0.88 0.96 0.95 
M2_C∥_34 77.00 41.95 16.22 11.18 0.91 0.78 0.78 0.77 
Table 4.8: Neutral layer coefficient, 𝑒 for all different strain levels. 
Material 
 
𝑒 
Strain % 
0.7 1.2 3.4 5.1 
M1_TW 0.003 0.011 0.037 0.096 
M1_C⊥_7 0.041 0.062 0.050 0.120 
M1_C⊥_15 0.060 0.083 0.072 0.141 
M2_C⊥_34 0.082 0.214 0.151 0.165 
M2_C∥_34 -0.088 -0.235 -0.264 -0.266 
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Effect of neutral layer shift on springback prediction 
Figure 4.24 and Figure 4.25 show the fitted springback based on the neutral layer shift 
using Equation (4.17) for the pure bending and the V-die bending test respectively.  
 
Figure 4.24: Comparison of measured springback and that estimated based on the 
neutral layer shift for the pure bend test. 
 
Figure 4.25: Comparison of measured springback and that estimated based on the 
neutral layer shift for the V-bend test. 
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Comparing Figure 4.25 with Figure 4.21 for V die bending suggests that accounting 
for the neutral layer shift leads to acceptable results regarding springback for 
magnesium. Only for the pre-twinned magnesium alloys M1_TW high deviation 
between the analytical and the experimental springback results can be observed. This 
might be due to the de-twinning process during loading of the pre-twinned materia l 
(described in section 4.5.1). This is not taken into account in this model as the neutral 
layer shift is measured based on the strain distribution through the thickness. 
The experimental fit shown in Figure 4.24 and Figure 4.25 was achieved using a 
correction factor of 𝜂 =1.98 as given in Equation 4.20.  
 ∆𝜃
𝜃
= −3 × 1.98 × (1 − 2𝑒)
𝑆
𝐸′
.
𝑅
𝑡
 
(4.20) 
This is higher when compared with previous studies performed with steel sheet which 
were for the isotropic case (Equation 4.3) a correction factor of 1.67 was determined 
[98].  To further verify equation (4.20) it was applied to Wang et al` s study [105] on 
the warm V-die bending of AZ31 Magnesium sheet. In this study the shift of the 
neutral layer was estimated based on the material thickness determined after 
springback for the forming with four different punch radii at 150oC degrees. The 
material parameters extracted from this study and used in Equation 4.20 are shown in 
Table 4.9 while the fit of the analytical equation with the experimental springback 
results is given in Figure 4.26. A reasonable fit is achieved but there is some deviation 
between the experimental and the analytical results. One reason for this could be that 
Equation 4.20 is based on neutral layer shift measurements taken under load while in 
Wang et al` s study  [105] the neutral layer shift was measured after springback. The 
results of this study have shown that during springback the neutral layer shift changes 
(Figure 4.14 and Figure 4.15). For comparison Equation 4.19 was calibrated with 
neutral layer shift measurements taken in this study after springback. This gave a 
correction factor of  𝜂 =1.8 and led to acceptable correlation with the experimenta l 
results with [151] as shown in Figure 4.26. This suggests that Equation 4.20 can lead 
to acceptable springback results for magnesium if the measurements for the neutral 
layer shift are taken before springback occurs.  
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Table 4.9: Experimental data extracted from the Wang et al.`s study  [105]. 
Parameters Values 
𝑅 (mm) 7.5 8.1 8.7 9.3 
𝑒 0.175 0.1575 0.145 0.14 
∆𝜃 (degrees) 11 12.4 12.95 13.6 
𝑆 (MPa) 228.63 
𝐸′ (GPa) 51.28 
𝜃 (degrees) 90 
𝑡 (mm) 1 
 
 
Figure 4.26: Comparison of springback calculated based on Equations 4.20 and 4.21 
using the experimental springback results of Wang et al.  [105]. The material 
parameters shown in Table 4.9 were applied. 
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4.5.5. Roll forming behaviour of magnesium sheet 
4.5.5.1. The effect of process and material parameters on product defects 
The roll forming trials performed on the M1_C⊥_7 and the M1_C⊥_15 materia l 
indicate higher levels of maximum longitudinal edge strain for M1_C⊥_7 compared 
with M1_C⊥_15 for both forming sequences (Figure 4.10 and Figure 4.11).  
Nevertheless given that the elastic limit of M1_C⊥_15 is significantly lower compared 
with M1_C⊥_7, higher plastic and through that permanent tensile deformation can be 
expected for the M1_C⊥_15 material. Permanent longitudinal deformation in the edge 
results in a downwards moment on the section and this explains the higher bow 
observed for M1_C⊥_15 compared with M1_C⊥_7. In this way magnesium follows 
the trends observed previously in roll forming isotropic materials such as conventiona l 
and high strength steels [164]. 
Bow was higher when forming the 5 mm radius compared with the 15 mm radius 
(Figure 4.12). In contrast to that, there were only small differences in level of 
longitudinal edge strain and though that longitudinal permanent deformation in the 
edge between the 5 and the 15 mm profile radius (Figs. 4.11 and 4.12).  This result is 
opposite to other studies where a higher level of bow was generally linked to higher 
levels of permanent longitudinal strain in the strip edge [164].  
For both profile radii forming, Forming Sequence 2 (FS2) shows the higher level of 
bow compared with FS1. This is an expected result given that in FS2 the two 
intermediate bending increments (stations 2 and 3) are kept small which is followed 
by two large and intensive forming steps in stations 4 and 5.  This leads to 
inhomogeneous forming and should have led to higher levels of redundant deformation 
and through that shape defects in the material compared with FS1. In FS1 the forming 
angle is evenly distributed over the stations which should have led to lower and more 
evenly distributed levels of peak longitudinal edge strain during forming. Indeed for 
the forming of a profile radius of 5 mm, low levels of edge strain (below the elastic 
limit) are observed in the first three forming stations of FS2 and this is followed by 
high peak strains in the last two stations which are higher compared with those 
observed for  FS1 and in the plastic range (Figure 4.10). The resulting higher plastic 
longitudinal deformation of the strip edge could explain the higher bow observed for 
FS2 compared with FS1 when the 5 mm profile radius is formed. 
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For the roll formed profile radius of 15 mm the situation is different. For this case in 
all forming stations lower edge strain is observed for FS2 compared with FS1, i.e., the 
higher bow observed for FS2 cannot simply be explained by a higher permanent 
longitudinal deformation in the strip edge.  Similar trends were observed in previous 
studies on the roll forming of UHSS [89]. Also here two different forming sequences 
were compared. While the first involved homogeneous bending over all stations the 
second was inhomogeneous with high bending increments in the first and the last 
forming station. Also here, higher bow was observed for a more inhomogeneous 
forming sequence but a clear difference in longitudinal edge strain was not observed 
[89].  One explanation for this could be that even though the more inhomogeneous FS2 
shows less longitudinal edge strain compared with FS1, it may lead to higher levels of 
other types of redundant deformation in the profile radius and the flange area. This 
would also explain the lower levels of springback determined for FS2 compared with 
FS1 for all profile radii that were roll formed (Figure 4.13). Previous studies suggest 
that springback in roll forming decreases with increasing level of redundant 
deformation, such as transverse tension and shear deformation [82]. The lower levels 
of springback observed for FS2 compared with FS1 therefore indicate a higher level 
of redundant deformation in the section which may also explain the higher bow 
observed for FS2 compared with FS1 despite the lower edge strains observed for this 
condition when forming a 15 mm profile radius.  
Springback was lower in roll forming compared with simple bending (V-die bending 
and wiping bending) as can be seen in Figure 4.5. This relates well with previous 
studies performed on the bending and roll forming of steel sheet [98] where the lower 
springback in roll forming was related to the incremental nature of the process and 
redundant deformation of the roll formed strip. The mechanism could be similar to the 
observations made in this study for the channel drawing of magnesium strip. Here 
springback reduced with increasing blank holder force, i.e., increased transverse 
tension in the strip (Figure 4.8). Pervious work by Halmos [82] suggests that higher 
bending increments in roll forming lead to increased transverse tension in the profile 
radius and the flange of the strip. For the forming of magnesium such increased 
transverse deformation in the profile radius would manifest itself by a higher volume 
fraction of twins and Chapter 5 will focus on investigating the volume fraction of twins 
in bent and roll formed sections.  
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Springback was higher in M1_C⊥_7 compared with the M1_C⊥_15 alloy for both 
forming sequences. This is due to the increased grain size and the reduced yield of the 
M1_C⊥_15 alloys and conforms with the trends observed for springback after simple 
bending shown in section 4.4.3.1 and 4.4.3.2. 
4.6. Conclusion 
The influence of material properties and process parameters on the forming behaviour 
of AZ31 magnesium sheet in bending and roll forming has been studied experimenta lly 
in this work.  
The wiping bend and roll forming test results showed that the minimum bend radius 
observed for different grain sizes is smaller in wiping bends than in roll forming, but 
it showed lower springback in roll forming compared with bending of magnesium 
sheet. 
The experimental results revealed that the springback behaviour of magnesium sheet 
is strongly governed by the material properties of magnesium sheet and varies with the 
process parameters of bending. Nevertheless in bending a major effect of init ia l 
microstructure (pre-twinned, grain size and C-axis orientation) of the material on the 
springback behaviour of magnesium sheet has been observed. Initially twinned 
material showed the highest springback and springback decreased with increasing 
grain size. Rotation of the C-axis by 90o to the loading direction gave simila r 
springback when the grain size was kept the same. Variation of the springback showed 
more relevance with the bending yield strength measured from the newly developed 
stand-alone bench tester rather than tensile yield strength. In bending, both tension and 
compression occurs and there is tension/compression yield asymmetry. This influences 
the bending yield stress but not the yield stress in conventional tension. Springback 
decreased with an increasing shift of the neutral layer due to the tension/compress ion 
yield mismatch. The neutral layer shift increased with grain size which led to reduced 
springback with increasing grain size.  Similar to isotropic metals, springback in 
magnesium bending decreased with increasing level of outer fibre bending strain and 
increased level of applied tension in the channel drawing test.   
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The springback behaviour of AZ31 magnesium sheets and the influence of materia l 
properties were used to develop a simple analytical model for room temperature 
bending. The model accounts for the neutral layer shift and gave a reasonable 
representation of the springback behaviour in bending for the magnesium alloys 
investigated in this study. Further, the model was confirmed with results from the 
literature.  Because of its simplicity, the model will assist industry to predict the 
springback behaviour of magnesium sheet in bending and to determine approaches for 
compensation.  
The roll forming trials showed that springback reduces if the level of redundant 
deformation (in some cases the level of permanent longitudinal strain in the edge) was 
high. Springback in roll forming was also lower compared with that observed in simple 
bending which also may be related to unwanted deformation in the roll forming 
process. Similar to the bending case in roll forming, springback decreased with 
increasing grain size and the resulting reduction in material yield stress. Nevertheless, 
on the other hand the reduction in yield stress led to more part shape defects in the 
form of bow.  
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5. The effect of twinning on the bending and springback 
behaviour  
5.1. Introduction 
The microstructure behaviour of magnesium sheet is of great significance for sheet 
metal forming applications and especially for estimating material behaviour in bending 
and roll forming processes where the major material deformation includes twinning 
formation at room temperature.  
Magnesium and its alloys undergo only moderate amounts of plasticity at room 
temperature before fracture. The strains to failure in tension, compression, rolling and 
bending are lower at room temperature than commonly seen in ductile metals such as 
aluminium alloys, brass, mild steel and titanium alloys [165]. It is well known that 
twinning plays an important role during deformation of magnesium [166] because it 
compensates to some extent for the fact that basal slip cannot produce deformation 
along the C-axis. Most of the magnesium wrought alloys show high levels of 
mechanical anisotropy and this may change the deformation mechanism throughout 
the thickness in bending [13]. This is due to the HCP crystal structure and the necessity 
to combine different deformation modes in bending.  
Previous studies on bend forming have mainly focused on the influence of mechanica l 
properties on springback in V-die bending [108]. One study was done to recognise the 
neutral layer shift with the mechanical twinning formation in bending [13]. Wang et.al. 
[105] showed that springback increases with increasing bend radius for magnesium 
sheets in V-bending. This was attributed to the state of stress during bending. The 
effect of increasing the annealing temperature on springback in bending was examined 
by Kim et.al. [151], where the springback was reduced and related to an enhanced 
grain growth with increasing annealing temperature. Experimental investigation on the 
mechanical twinning in magnesium sheet was limited to the effect of the strain level 
and temperature but did not establish a fundamental understanding of microstructura l 
effects on twinning and bending behaviour of magnesium. 
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In the previous chapter the springback behaviour in bending and roll forming was 
investigated for different grain size and C-axis orientations of the AZ31 magnesium 
sheet. It was shown that the springback behaviour depends on the grain size as well as 
on mechanical properties. Springback also varied with the strain applied during 
bending and stayed the same for the two C-axis orientations analysed. Even though the 
mechanical properties determined in tension for some alloys were the same for 
different grain sizes, they showed differences in bending behaviour. It was shown that 
that the neutral layer shift increased with grain size and that this reduced springback. 
This suggested that the differences in bending behaviour may be related to the variation 
of mechanical twinning formation in bending. Only very limited studies can be found 
that focused on mechanical twinning behaviour of magnesium in bending and none 
that focused on the roll forming process. An extensive experimental study on the 
twinning behaviour of magnesium sheet in bending dominated forming is performed 
in this chapter to develop a relationship between twinning behaviour and springback 
as well as the neutral layer shift observed in the previous chapter.  
There is also a need to quantify the amount of twinning in magnesium and the twin 
type. This is performed using automated EBSD, which can produce a large number of 
spatially correlated measurements of crystallographic orientation [167]. Analysis of 
these data permits quantifying twinning with greater accuracy than possible through 
optical microscopy. 
Despite extensive examinations on the mechanical twinning formation in AZ31 
magnesium sheet, limited attention was given to the effect of process conditions (i.e., 
strain level and bending modes) and the initial material characteristics (i.e., grain size 
and C-axis orientation in respect to the direction of loading) to the propensity of 
mechanical twinning and neutral layer shift during bending deformation. Hence, the 
influence of forming and material parameters on the mechanical twinning (i.e., fraction 
and type), the springback, and neutral layer shift in bending is also investigated in this 
chapter.  
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5.2. Methodology 
This chapter studied the mechanical twinning behaviour of AZ31 magnesium sheet in 
bending and roll forming at room temperature. To investigate the tendency of 
mechanical twinning in specific regions throughout the material thickness (Section 
5.3.2), different forming routes, namely the pure bend, V-die bend, channel bend and 
roll forming, were investigated.  
The pure bend test excludes any friction effects and the material forms a curvature 
freely under moment. This can generate a fundamental understanding of the 
magnesium behaviour in bending. The strain levels achievable in this test are modest 
and considered as low strain bending condition. In the V-die bend test the magnitude 
of the deformation strain is higher than in the pure bend test and is comparable to 
bending in industrial applications. In addition, the final section shape formed is the 
same as one that was roll formed. This will enable the direct comparison of mechanica l 
twin deformation behaviour in bending and roll forming of magnesium. Different 
levels of strain, initial grain size and C-axis orientation of the material are investigated 
to determine the effect of twin deformation on bending and springback. 
The channel bend test is used to study the effect of additional tensile strain and stress 
during bending. Similarly to channel drawing, in roll forming, in addition to the 
material being transversely bent, the strip edge is stretched in the longitudina l 
direction. The material is also pulled transversely which, depending on the forming 
sequence, may lead to transverse tensile stress; this can lead to redundant deformation 
such as the permanent longitudinal deformation of the strip edge and may affect 
mechanical twinning deformation and springback in roll forming. In addition, in roll 
forming the material is bent and re-straightened over the forming roll which is simila r 
to the channel drawing tests where the material is bent and re-straightened over the die 
radius. As such, the channel drawing test is used to investigate and prove forming 
mechanisms and twinning behaviour in the roll forming process.  
At the end of this chapter, to enable the direct comparison between twin deformations 
in V-die bending and roll forming, twinning in V-shaped profiles formed in roll 
forming and V-die bending to the same levels of outer fibre strain in the profile radius 
were analysed. In addition different roll forming sequences were investigated that led 
to different levels of redundant deformations (tension) in the strip edge which affected 
twinning and springback.  
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5.3. Experimental background   
5.3.1. Material and process conditions 
In this chapter, different samples and processing conditions were used to investigate 
the propensity of mechanical twinning in bending and roll forming. They are tabulated 
in Table 5.1 and marked with a tick to define the conditions, which were used to collect 
the EBSD data.  
Table 5.1: Microstructure observation carried out for different magnesium alloys and 
processing parameters. 
Forming 
process 
Forming radius, mm, 
maximum outer fibre 
strain, % 
Material 
M
1
_
C
⊥
_
7
 
M
1
_
C
⊥
_
1
5
 
M
2
_
C
⊥
_
3
4
 
M
2
_
C
∥_
3
4
 
Pure bend  75, 0.7     
45, 1.2     
V bend 15, 3.4     
10, 5.1     
C Channel 6, 8.2 *    
4, 11.8 *    
Roll forming 15, 3.4 ** **   
5, 9.7 **    
* Microstructure was observed for the blank holder forces of 3kN and 6kN as described 
in Section 4.3.5. 
** Microstructure was observed for forming sequences of 10o-10o-10o-10o-10o (FS1) 
and 10o-5o-5o-15o-15o (FS2) as described in Section 4.3.6. 
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Samples were prepared after forming at different processing conditions to examine the 
microstructure characteristics at the critical forming regions, as explained in 
Section 5.3.2, using EBSD. During the forming process, the material experiences 
different deformation modes throughout the thickness. Figure 5.1 schematica lly 
represents the deformation mode at the inner and outer curvature surfaces of materia l 
having the C-axis oriented perpendicular to the sheet surface during the bending 
process. The former experiences compression and this results in material extension 
parallel to the C-axis (i.e. in the through thickness direction). The latter is subjected to 
tension, leading to compression parallel to the C-axis. These regions are, hereafter, 
termed compression and tension regions, respectively. This arrangement alters with a 
change in the sample texture, i.e., a change in C-axis orientation, e.g. Figure 5.2. For 
this condition material contracts parallel to the C-axis in the bending compression 
region while it extends in the bending tension region.  
 
 
Figure 5.1: Schematic of HCP structure deformation modes in bending when the C-
axis is perpendicular to the sheet surface. 
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Figure 5.2: Schematic of HCP structure deformation modes in bending when the C-
axis is parallel to the sheet surface. 
5.3.2. Critical forming zones  
Formed samples were cut with a diamond-cutting wheel through the centre-line (i.e., 
A-A cross section view in dash line), as shown in the 3D view of Table 5.3. The critica l 
zone is highlighted by a circle to separate it from the section view of cross-section A-A 
next to the 3D view. The maximum curvature position was selected for all deformed 
zones to investigate the mechanical twinning propensity in both the tension and 
compression regions (Table 5.3), as described in Section 5.3.1. These figures represent 
the rectangular mapped area of 200 µm × 150 µm. The EBSD was conducted ~100 µm 
below the outer edges of the formed sample to avoid an uneven edge line. The EBSD 
area and position in respect to the edge were kept constant for all samples at different 
forming conditions. For V-die bent samples, an additional EBSD map of 200 µm × 
400 µm was conducted to measure the neutral layer shift.  
Note that the directions shown in Table 5.2 are for the samples with a C-axis oriented 
perpendicular to the sheet surface. For samples with the C-axis parallel to the sheet 
surface TD and ND are reversed. The author is further aware that given that the wall 
region in the channel drawing test is bent and un-bent there should not be any tension 
and compression zones. The same applies to the strip edge section in the roll formed 
sample. Nevertheless to enable simple comparison of results and given that no major 
difference in twinning area fraction were observed between the two regions in the 
channel wall and the roll formed strip edge the author decided to name those zones 
with tension and compression.    
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EBSD measurements were performed using a step size of either 0.3 µm or 0.5 µm for 
small and large grain sizes, respectively, an acceleration voltage of 20 kN and a 
working distance ranging from 8 to 12 mm. These EBSD settings were employed to 
obtain sufficient crystallographic microstructure information in a reasonable scanning 
time. In coarse grained samples, several EBSD maps (up to 10 maps) were required to 
accommodate a least ~230 grains and provide a statistically sound measurement 
regarding the mechanical twinning characteristics (e.g., twin fraction).  
5.3.3. Twin characterisation  
5.3.3.1. Identifying the mechanical twin types 
Identification of the twin types was carried out by means of EBSD mapping and in 
case of non-indexed twins by using trace analysis. The crystallography of different 
mechanical twinning types is summarised in Table 5.2. 
Table 5.2: Possible mechanical twinning types in magnesium having a HCP crystal 
structure. 
Twin name and 
type 
Misorientation 
Angle/ axis 
Twin system Reference  
Tension Twin 
{101̅2} 
86o < 12̅10 > {101̅2}< 12̅10 > [46, 168] 
Compression Twin 
{101̅1} 
56o < 12̅10 > {101̅1}< 12̅10 > [51, 112] 
Compression Twin 
{101̅3} 
64o < 12̅10 > {101̅3}< 12̅10 > [169] 
Compression Twin 
{101̅5} 
41o < 12̅10 > {101̅5}< 12̅10 > [170] 
Double Twin 
{101̅1}-{101̅2} 
38o < 12̅10 > {101̅1}-{101̅2}< 12̅10 > [112, 171] 
Double Twin 
{101̅3}-{101̅2} 
22o < 12̅10 > {101̅3}-{101̅2}< 12̅10 > [115] 
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Table 5.3: Schematic representation of critical forming regions (compression in red 
and tension in blue) selected for EBSD mapping for all forming routes. 
Forming 
mode 
3D view Section A-A Mapping region 
V bend 
 
 
 
 
Pure 
bend  
 
 
  
Channel 
bend 
 
 
 
Three positions 
1- Punch corner 
2- Side wall 
3- Die corner 
 
 
 
Roll 
forming 
 
 
 
Two positions 
1- Profile radius 
2- Edge of strip 
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5.3.3.2. Twinned area fraction 
Based on the initial texture, it is possible to separate twinned from untwinned area 
using the pole figure. It would be expected that the untwinned region/matrix scatters 
about the ND direction similar to what is observed for the initial texture (i.e., strong 
basal texture, Figure 5.3).  
 
Figure 5.3: Pole figures for (a) M1_C⊥_7 (b) M1_C⊥_15 (c) M2_C⊥_34 
(d) M2_C∥_34. 
The points away from the ND most likely belong to the twinned region. The twinned 
area was determined using EBSD Kikuchi band contrast mapping along with {0001} 
basal pole figures for the deformed samples (Figure 5.4). The twins highlighted in red 
colour in the band contrast image were selected by choosing a subset of untwinned 
regions, i.e., grey colour in the corresponding {0001} pole figure, which is 50-90 
degrees away from the ND.  In addition, some parts of the matrix were wrongly 
considered as twinned region, which was manually checked and changed to untwinned 
matrix if required. All of the selected twinned area can be seen in the Figure 5.4 (a) as 
light grey area in the band contrast map. Then, the number of data points of the twinned 
area was divided by all data points to calculate the twin area fraction (Equation 1). The 
final results were displayed as a percentage of twin area fraction. 
 
𝑇𝐴𝐹% =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑡𝑎 𝑝𝑜𝑖𝑛𝑡𝑠 𝑜𝑓 𝑡𝑤𝑖𝑛𝑛𝑒𝑑 𝑎𝑟𝑒𝑎
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑡𝑎 𝑝𝑜𝑖𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑎𝑝
× 100 
(5.1) 
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Figure 5.4: a) EBSD Kikuchi band contrast map and (b) the corresponding {0001} 
pole figure. 
5.4. Results  
5.4.1. Crystallographic texture before forming 
The initial crystallographic texture of all magnesium samples shows a strong basal 
texture (Figure 5.3), which is typical texture characteristic for rolled magnesium 
products [172]. 
5.4.2. Microstructure observations after bending and roll forming  
The microstructures of magnesium samples after deformation were analysed using 
EBSD maps. The different mechanical twin boundary types are summarised in Table 
5.4 together with their corresponding misorientation angle/axis and colour code used 
in the EBSD maps. The horizontal direction of the EBSD map defines the transverse 
direction (TD) and the vertical direction is the normal direction (ND) of specimens 
unless stated otherwise. 
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Table 5.4: The detected twin types with colour definitions. 
Twin name and type Misorientation Angle/ axis Colour definition 
Tension Twin - {101̅2} 86o < 12̅10 >  
Red 
Compression Twin - {101̅1} 56o < 12̅10 >  
Fuchsia 
Compression Twin - {101̅3} 64o < 12̅10 >  
Blue 
Compression Twin - {101̅5} 41o < 12̅10 >  
Lime green 
Double Twin - {101̅1}-{101̅2} 38o < 12̅10 >  
Yellow 
Double Twin - {101̅3}-{101̅2} 22o < 12̅10 >  
Aqua 
To describe the effect of grain size, texture, strain and tension on mechanical the 
twinning behaviour in bend forming, the twin area fraction was extracted from the 
microstructures of the deformed magnesium samples.  
5.4.2.1. Pure bending 
During the pure bending process, the {101̅2} twin type was mostly observed 
throughout the thickness (i.e., in both the compression and the tension regions). A 
higher number of mechanical twins was observed in the compressive bending regions 
(Figure 5.5 (a)) compared with the tensile regions (Figure 5.7 (a)) for a given grain 
size and strain. The extent of mechanical twinning (i.e., twin area fraction) 
progressively increased with an increase in the grain size and strain level for both 
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compression and tension regions (Figure 5.9). Mechanical twins were mostly 
nucleated on the initial grain boundaries and propagated across the grain. Some 
isolated twins also appeared in the grain interior (Figures 5.5, 5.6, 5.7 and 5.8); this 
may be due to twins nucleating on grain boundaries underneath the surface (i.e., due 
to the two-dimensional sectioning effect [136]). In some instances, mechanical twins 
were connected to other twins in neighbouring grains (Figure 5.5 and 5.6). This 
behaviour was observed more often for fine grain sizes at large strain levels (Figure5.6 
(a) and (b)) in the compression region. An increase in the grain size and strain led to 
the formation of more than one mechanical twin variants, as shown by the black arrows 
in Figure 5.6 (c). Normally twins were observed with a concave shape. In some cases, 
individual boundaries had miss-oriented angle/axis close to mechanical twins, as 
highlighted by the purple arrows in Figure 5.5 (a), those were not considered as 
mechanical twins in the current study.   
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Figure 5.5: EBSD maps showing for the compression region deformed to a 0.7% 
maximum bend strain for (a) M1_C⊥_7, (b) M1_C⊥_15 and (c) M2_C⊥_34 alloys. 
Red refers to {101̅2} twin boundaries (86o < 12̅10 >). 
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Figure 5.6: EBSD maps for the compression region deformed to a 1.2% maximum 
bend strain for (a) M1_C⊥_7, (b) M1_C⊥_15 and (c) M2_C⊥_34 alloys. Red refers 
to {101̅2} twin boundaries (86o < 12̅10 >). 
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Figure 5.7: EBSD maps for the tension region deformed to a 0.7% maximum bend 
strain for (a) M1_C⊥_7, (b) M1_C⊥_15 and (c) M2_C⊥_34 alloys. Red refers to 
{101̅2} twin boundaries (86o < 12̅10 >). 
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Figure 5.8: EBSD maps for the tension region deformed to a 1.2% maximum bend 
strain for (a) M1_C⊥_7, (b) M1_C⊥_15 and (c) M2_C⊥_34 alloys. Red refers to 
{101̅2} twin boundaries (86o < 12̅10 >). 
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Figure 5.9: Percentage of measured twin area fraction in (a) compression and 
(b) tension region for M1_C⊥_7, M1_C⊥_15 and M2_C⊥_34 alloys in 
pure bending for 0.7% (Orange line) and 1.2% (Blue line) outer fibre strain. 
5.4.2.2. V-die bend 
Two distinct grain orientations were investigated in the V-die bend test in respect to 
the orientation of the C-axis to the sheet surface, namely parallel, ∥ and 
perpendicular, ⊥. The microstructures observed for the C-axis oriented perpendicular 
to the sheet surface in the V-die bend test are shown in Figure 5.10 to Figure 5.13. In 
the compression region the {101̅2} twin type was mostly observed (Figs. 5.10 and 
5.11). In the tension region in addition to the {101̅2} tension twin type (Figs. 5.12 and 
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5.13), the compression twin types  {101̅1} (Figure 5.13 (a)) and {101̅5} (Figure 5.13) 
were identified. In general, the extent of mechanical twinning was much greater at the 
compression region (Figure 5.14 (a)) compared with the tension region (Figure 5.14 
(b)) for a given condition (i.e., grain size and strain). An increase in the grain size and 
strain led to the formation of more mechanical twins in both the compression and 
tension region (Figure 5.14).   
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Figure 5.10: EBSD maps for the compression region deformed to a 3.4% maximum 
bend strain for (a) M1_C⊥_7, (b) M1_C⊥_15 and (c) M2_C⊥_34 alloys. Red refers 
to {101̅2} twin boundaries (86o < 12̅10 >). 
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Figure 5.11: EBSD maps for the compression region deformed to a 5.1% maximum 
bend strain for (a) M1_C⊥_7, (b) M1_C⊥_15 and (c) M2_C⊥_34 alloys. Red refers 
to {101̅2} twin boundaries (86o < 12̅10 >). 
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Figure 5.12: EBSD maps for the tension region deformed to a 3.4% maximum bend 
strain for (a) M1_C⊥_7, (b) M1_C⊥_15 and (c) M2_C⊥_34 alloys. Red refers to 
{101̅2} twin boundaries (86o < 12̅10 >). 
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Figure 5.13: EBSD maps for the tension region deformed to a 5.1% maximum bend 
strain for (a) M1_C⊥_7, (b) M1_C⊥_15 and (c) M2_C⊥_34 alloys. Red refers to 
{101̅2} twin boundaries (86o < 12̅10 >), fuchsia refers to {101̅1} twin boundaries 
(56o < 12̅10 >) and lime green refers to {101̅5} twin boundaries (41o < 12̅10 >). 
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Figure 5.14: Percentage of measured twin area fraction at (a) compression and 
(b) tension region for M1_C⊥_7, M1_C⊥_15 and M2_C⊥_34 alloys in V bending 
for 3.4% (Orange line) and 5.1% (Blue line) outer fibre strain.. 
Changing the C-axis orientation from perpendicular to parallel to the sheet surface, 
reversed the tendency of mechanical twinning in the tension and compression region 
compared with the perpendicular C-axis condition (Figs. 5.15 and 5.16). When the C-
axis is parallel to the sheet surface direction the twin area fraction was the highest in 
the tension region and showed a similar level of twin area faction as previous ly 
observed for the perpendicular C- axis condition in the compression region (Figure 
5.15 (b)). In contrast the C-axis parallel condition showed five times less twinning area 
fraction in the compression region compared with the C-axis perpendicular condition 
in the tension region (Figure 5.16 (a)). For the C-axis parallel condition the 
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{101̅2} twin type was detected in the tension regime (Figure 5.16) while different 
types of mechanical twins appeared in the compression regime, namely  {101̅2}, 
{101̅1} and {101̅3} (Figure 5.15). In general, the fraction of twinning increased with 
an increase in the strain for both the compression and tension region (Figure 5.17) for 
the C-axis parallel condition. 
 
Figure 5.15: EBSD maps for the compression region deformed to a (a) 3.4% and (b) 
5.1% maximum bend strain for M2_C∥_34 alloy. Red refers to {101̅2} twin 
boundaries (86o < 12̅10 >), fuchsia refers to {101̅1} twin boundaries (56o <
12̅10 >) and blue refers to {101̅3} twin boundaries (41o < 12̅10 >). 
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Figure 5.16: EBSD maps for the tension region deformed to a (a) 3.4% and (b) 5.1% 
maximum bend strain for M2_C∥_34 alloy. Red refers to {101̅2} twin boundaries 
(86o < 12̅10 >). 
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Figure 5.17: Percentage of measured twin area fraction in (a) compression region for 
M2_C∥_34 and tension region for M2_C⊥_34 and (b) tension region for M2_C∥_34 
and compression region for M2_C⊥_34 alloy in V-die bending for 3.4% (Orange 
column) and 5.1% (Blue column) outer fibre strain.. 
 
CHAPTER FIVE 
151 
 
5.4.2.3. Channel bend 
In the channel bend test, the effect of blank holder force on the extent of 
microstructural changes was examined in three main positions, those were the punch 
corner, the side wall and the die corner, as demonstrated schematically in Table 5.3. 
Each position had two distinct regions of compression and tension mode. The materia l 
had a grain size of 7 𝜇𝑚 and the C-axis was oriented perpendicular to the sheet surface 
(M1_C⊥_7).  
At the compression region of the die and the punch corner positions, the mechanica l 
twinning was mostly observed ((a) and (b) in Figures 5.18 and 5.19) while there were 
only a few twins in the tension region ((a) and (b) in Figures 5.20 and 5.21). In the side 
wall, very low levels of twinning were observed in both the compression and tension 
regions ((c) in Figures 5.18, 5.19, 5.20 and 5.21). In the die corner and the punch corner 
positions, the compression region (Figure 5.22 (a)) revealed much higher twinning 
fraction compared with the tension region (Figure 5.22 (a)). In the side wall, no 
obvious difference in twinning fraction was observed between the compression and 
the tension regions (Figure 5.22). Here the twinning area fraction was nearly zero for 
all conditions tested. 
Increasing the blank holder force increased the fraction of mechanical twinning for all 
positions and deformation modes (i.e., compression and tension region). In addition, 
the blank holder force altered the twinning type formed at different positions in the 
sample. Only the {101̅2} twin type was detected in both the compression (Figure 5.18) 
and the tension regions of all positions (Figure 5.20) when a 3 kN blank holder force 
was applied. At 6 kN blank holder force, in addition to the {101̅2} tension twin type 
(Figure 5.19 and 5.21), {101̅1} (Figure 5.21 (b)) and {101̅5} (Figure 5.21 (a)) 
compression twin types were also observed in the tension region of the die corner and 
the punch corner, respectively. 
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Figure 5.18: EBSD maps for the (a) punch corner, (b) die corner and (c) side wall 
compression region deformed with 3kN blank holder force for M1_C⊥_7 alloy. Red 
refers to {101̅2} twin boundaries (86o < 12̅10 >). 
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Figure 5.19: EBSD maps for the (a) punch corner, (b) die corner and (c) side wall 
compression region deformed with 6kN blank holder force for M1_C⊥_7 alloy. Red 
refers to {101̅2} twin boundaries (86o < 12̅10 >). 
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Figure 5.20: EBSD maps for the (a) punch corner, (b) die corner and (c) side wall 
tension region deformed with 3kN blank holder force for M1_C⊥_7 alloy. Red refers 
to {101̅2} twin boundaries (86o < 12̅10 >). 
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Figure 5.21: EBSD maps for the (a) punch corner, (b) die corner and (c) side wall 
tension region deformed with 6kN blank holder force for M1_C⊥_7 alloy. Red refers 
to {101̅2} twin boundaries (86o < 12̅10 >), fuchsia refers to {101̅1} twin 
boundaries (56o < 12̅10 >) and lime green refers to {101̅5} twin boundaries 
(41o < 12̅10 >). 
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Figure 5.22: Percentage of measured twin area fraction in (a) compression and 
(b) tension region for M1_C⊥_7 alloy in channel bending at punch corner, die corner 
and the side wall. 
5.4.2.4. Roll forming 
In roll forming, the microstructural changes were investigated in two distinct positions, 
the formed radius profile area and the edge of the strip, as demonstrated schematica lly 
in Table 5.3. Each position had two deformation mode regions, namely compression 
and tension (Table 5.3). Twinning in roll forming was analysed for two microstructures 
with a grain size of 7 µm and 15 µm with similar crystallographic orientation in respect 
to the sheet surface (i.e., C-axis perpendicular to the sheet surface for both conditions ). 
In addition, the roll forming was performed at two different forming sequences (i.e., 
FS1 – 10o-10o-10o-10o-10o and FS2 – 10o-5o-5o-15o-15o) and for two different fina l 
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forming radii (i.e., 5 mm and 15 mm). For all roll forming conditions, the compression 
region (Figure 5.23 (a)) revealed higher mechanical twinning compared with the 
tension region (Figure 5.24 (a)) in the profile radius. There was no obvious difference 
in the level of twinning in the compression and tension regions near the edge of the 
strip (Figure 5.26 and 5.27). In general, the extent of twinning increased with an 
increase in the final forming radius and grain size (Figure 5.25 and 5.28) for both 
positions. In addition, the change in the forming sequence to a higher forming angle in 
the last two forming stations (FS2) resulted in greater mechanical twinning in the 
profile radius compared with FS1 (compare Figures. 5.23 (b) to (c) and 5.24 (b) to (c) 
and see Figure  5.25). In contrast the difference in twinning between both roll forming 
conditions in the strip edge position (Figs. 5.26 (b) to (c) and 5.27 (b) to (c) and See 
Figure 5.28) was small. For all conditions only the {101̅2} twin type was detected in 
both the tension and compression regions for both positions (Figures 5.23, 5.24, 5.26 
and 5.27). 
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Figure 5.23: EBSD maps at the profile radius in the compression side for 
(a) M1_C⊥_7 alloy deformed to 5mm (9.7%) and (b) 15mm (3.4%) final forming 
radius with FS1 (c) 15mm final forming radius with FS2 and (d) M1_C⊥_15 alloy 
deformed to 15mm final forming radius with FS1. Red refers to {101̅2} twin 
boundaries (86o < 12̅10 >). 
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Figure 5.24: EBSD maps at the profile radius in the tension side for (a) M1_C⊥_7 
alloy deformed to 5mm (9.7%) and (b) 15mm (3.4%) final forming radius with FS1 
(c) 15mm final forming radius with FS2 and (d) M1_C⊥_15 alloy deformed to 
15mm final forming radius with FS1. Red refers to {101̅2} twin boundaries (86o <
12̅10 >). 
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Figure 5.25: Percentage of measured twin area fraction in the compression and the 
tension region at the profile radius for different forming sequences, forming radius 
and material type in roll forming. 
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Figure 5.26: EBSD maps at the edge of the strip in the compression side for 
(a) M1_C⊥_7 alloy deformed to 5 and (b) 15mm final forming radius with FS1 (c) 
15mm final forming radius with FS2 and (d) M1_C⊥_15 alloy deformed to 15mm 
final forming radius with FS1. Red refers to {101̅2} twin boundaries (86o <
12̅10 >). 
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Figure 5.27: EBSD maps at the edge of the strip in the tension side for (a) M1_C⊥_7 
alloy deformed to 5 and (b) 15mm final forming radius with FS1 (c) 15mm final 
forming radius with FS2 and (d) M1_C⊥_15 alloy deformed to 15mm final forming 
radius with FS1. Red refers to {101̅2} twin boundaries (86o < 12̅10 >). 
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Figure 5.28: Percentage of measured twin area fraction in the compression and the 
tension region at the edge of the strip for different forming sequences, forming radius 
and material in roll formed samples. 
5.5. Discussion 
The current study clearly demonstrates that the deformation/mechanical twinning 
characteristics produced during sheet metal forming are significantly influenced by 
different parameters, which can be classified into intrinsic and extrinsic parameters. 
The former refers to the grain size and overall orientation of grains (i.e., texture) in 
respect to the forming path. The extrinsic parameters include the applied load (strain) 
and forming mode (i.e., bending type and roll forming). In addition, there is 
inhomogeneous distribution of twinning throughout the thickness of the formed sheet. 
The extent of twinning inhomogeneity is also affected by the aforementioned 
parameters. 
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5.5.1. Twinning behaviour in bend forming of magnesium sheet 
There is an inhomogeneous distribution of deformed structure throughout the thickness 
of a bent sheet. As demonstrated schematically in Figure 5.1 and 5.2, the deformation 
mode/mechanism changes throughout the thickness, depending on the forming mode. 
During the forming process, one side of the sheet undergoes compression (i.e., inner 
region), while the other side experiences tension (outer region). This results in a 
significant change in mechanical twinning throughout the thickness. The mechanica l 
twinning formation depends on the orientation of grains (i.e., texture) with respect to 
the loading mode (i.e., compression and tension), as will be discussed later. In general, 
if the deformation mode results in the extension along the C-axis of a grain, it 
undergoes mechanical twinning. This has been previously demonstrated by Huang et 
al. [13] in a three point bending test performed on AZ31 magnesium sheet where the 
C-axis was orientated perpendicular to the sheet surface direction. The study revealed 
the formation of twinning in the bending compression region, where the C-axis is 
subjected to extension. In contrast, negligible mechanical twinning appeared in the 
bending tension region where the C-axis experiences contraction which activated non-
basal slip systems [13, 105, 173]. This situation is similar to magnesium sheet 
subjected to uniaxial tension [136, 174].  
There is a clear twin dividing line in the middle region of the bent specimen, as shown 
in Figure 5.29. This clearly demonstrates a transition line between the compression 
and the tension regions (i.e., twinned and non-twinned regions) in bending through the 
sheet thickness. Some twinning appears in the central line, suggesting that the neutral 
layer is shifted towards the tension zone as observed in Chapter 4. Similar observations 
were made in uniaxial tension and compression tests performed on rolled magnesium 
where in uniaxial compression, significantly higher mechanical twinning deformation 
was observed compared with uniaxial tension [12, 46, 175]. During bending and roll 
forming, the inhomogeneous twinning behaviour throughout the sheet thickness is a 
result of the change in the deformation mode from tension to compression. The level 
of twinning inhomogeneity is affected by different parameters (i.e., grain size, texture, 
forming load and forming mode). 
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Figure 5.29: EBSD map with highlighted mechanical twin deformation through the 
thickness in sample bent to 5.1% strain in the V -die bend test. Red refers to {101̅2} 
twin boundaries (86o < 12̅10 >). 
5.5.1.1. The Effect of strain 
It is well known that the strain level significantly changes the mechanical twinning 
characteristics (i.e., volume fraction and type) formed in AZ31 magnesium subjected 
to deformation. The mechanical twinning is capable of accommodating plastic strain 
along the C-axis. Thereby the extent of strain that is accommodated depends on the 
twin type/variant, i.e., if {101̅2} extension twins or {101̅1} contraction twins are 
formed during straining [44]. 
The mechanical twinning formation consists of nucleation and growth similar to any 
other phase transformation process [176-178]. It is well known that the mechanica l 
twin nucleation evolves with critical resolved shear stress, which depends on the 
material characteristics (i.e., grain size [62, 179] and texture [42, 180]), strain path 
[178] and deformation temperature [181]. The effect of grain size and texture in 
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bending for twin formation will be discussed in detail later. Given that it is well known 
that an increased deformation temperature delays twinning formation, the effect of 
temperature  was not investigated here [172]. 
As demonstrated by others, an increase in strain (and stress) along the C-axis leads to 
twin nucleation up to the yield point while further deformation results in twin growth 
and nucleation of new twins [178]. This is consistent with the current results, where 
the nucleation of new twins continuously took place as the number of twinned grains 
increases from 105 to 115 with an increase in the strain from 3.4% to 5.1% (Figure 5.10 
(a) and 5.11 (a)), respectively,  in V-die bending. 
In general, the material undergoes more mechanical twinning if deformation increases 
and this increases the volume fraction of twins [136, 182-184]. This is consistent with 
the results obtained for bending and roll forming in this study. For example, in bending, 
with an increase in strain from 3.4% to 5.1% (i.e., a reduced forming radius from 
15 mm to 10 mm), the twin area fraction in the compression region significantly 
increased from 28% to 49% (Figure 5.14 (a)). It was, however, demonstrated in 
previous work through experiment and simulation that there is a critical strain beyond 
which the volume fraction of twins becomes constant. This was reported to be 5% 
strain for uniaxial compression of an AZ31 magnesium [183]. Here, the maximum 
strain is 5.1% in the bending mode, which is close to the estimated strain for the twin 
saturation. This suggests that further bending straining may not lead much increased 
twinning. This is an area, which requires further testing to be clarified.  
The activation of different twin types/variants on loading strongly depends on the 
strain path for a given condition (i.e., deformation mode and material texture), which 
influences the flow stress behaviour differently [184-186]. In general, the {101̅2} 
extension twinning occurs under loading conditions where the C-axis is either parallel 
to the tension or perpendicular to the compression direction [187], similar to the 
material tested in bending in this study with the C-axis oriented perpendicular to the 
sheet surface and subjected to compression load in bending (Figs.5.5, 5.6, 5.10 and 
5.11). On the other hand, the contraction twins (i.e., {101̅1}, {101̅3} and {101̅5} ) take 
place under loading conditions, where the C-axis is either along the compression or 
perpendicular to the tension direction [169], as observed for material tested in bending 
in this study with the texture of C-axis parallel to the sheet surface under compression 
load in bend forming (Figure 5.15).  
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5.5.1.2. Effect of texture (Orientation) 
There is a significant change in the tendency of mechanical twinning throughout the 
thickness with a change in the C-axis orientation in respect to the sheet surface in 
bending (Figs. 5.15 and 5.16). As demonstrated schematically in Figure 5.2, the C-axis 
alignment with respect to the sheet surface clearly alters the dominant deformation 
mechanism throughout the sheet thickness. For example, the material with the C-axis 
perpendicular to the sheet surface undergoes mechanical twinning at the compression 
region during bending (Figure 5.10 (c)). Nevertheless, slip becomes the dominant 
deformation mechanism in the compression side when the C-axis of the material is 
parallel to the sheet surface (Figure 5.15 (a)). In general, if the grain orientat ion 
alignment leads to the extension along the C-axis during loading, it undergoes 
mechanical twinning [185]. By contrast, contraction along the C-axis promotes mostly 
slip rather than mechanical twinning formation [44]. In fact, the C-axis orientation in 
respect to the sheet surface alters the mechanical twinning region from compression to 
tension or vice versa.  
This already became clear in the tensile tests of Chapter 4 (Figure 4.5) where the 
M1_C⊥_34 alloy showed a stress strain behaviour that was comparable in 
characteristics to those previously obtained in tensile stress strain curves for rolled 
AZ31.  In rolled AZ31 the axis is generally oriented perpendicular to the sheet surface 
and this leads to its contraction during tensile loading and deformation by slip [115]. 
In contrast, the M2_C∥_34 alloy which shows material behaviour comparable to 
previous results achieved in compression for rolled AZ31. In rolled AZ31 with the C-
axis oriented perpendicular to the sheet surface, compressive deformation leads to the 
extension of the C-axis and through that deformation by twinning [188].  For the 
material with the C-axis orientated parallel to the sheet surface the same condition is 
present in the tensile test, i.e., the C-axis elongates during uniaxial tension by twinning.  
As a result the direction of the neutral layer shift (twin dividing line, Figure 5.30) 
changes depending on the C-axis orientation. If the C-axis is perpendicular to the sheet 
thickness direction the neutral layer shifts towards the compression side while it shifts 
towards the tension side when the C-axis is parallel to the sheet thickness direction 
(Figure 4.16). In general the neutral axis is closer to the twin-free surface (i.e., 
compression region for the C-axis being parallel to the sheet thickness as shown in 
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Figure 5.30). The change in C-axis direction only had a minor effect on the bending 
moment (Figure 4.17) and springback (Figure 4.7). This suggests that the change in 
C-axis orientation from perpendicular to parallel to the sheet surface direction only 
changes the direction of the neutral layer shift and reverses deformation by twinning 
and slip in the bending tension and compression regions but otherwise has no 
significant effect on the material and springback behaviour of magnesium in bending.    
 
Figure 5.30: Neutral layer shift for (a) M1_C⊥_34 alloy towards the tension and (b) 
M2_C∥_34 alloy towards the compression region due to change of C-axis 
orientation. 
5.5.1.3. Effect of grain size 
It is well demonstrated that the initial grain size significantly alters the propensity for 
mechanical twinning formation in different alloy systems, such as Mg [62, 179] and 
TWIP steel [189]. The grain size appears to affect the critical resolved shear stress for 
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the mechanical twinning formation which decreases with an increase in the grain size. 
Barnett et al. [179] have also shown that the volume fraction of grains that contain at 
least one twin system increases with an increase in the initial grain size when 
compressing extruded AZ31. This is consistent with the current result obtained for 
bend forming and roll forming. During the bend forming with an increase in the init ia l 
grain size from 7μm to 15 μm, the volume fraction of mechanical twinning at the 
surface region, where the C-axis is under extension, is significantly enhanced from 
49% to 69% (Figure  5.14 (a)) at a strain of 5.1%. As a result, the grain size also 
influences the inhomogeneity of mechanical twin formation throughout the thickness. 
In general, the mechanical twinned region becomes expanded with an increase in the 
grain size leading to the shift of the twinned-non-twinned line (Figure 5.31) towards 
the tension side with increasing grain size. The grain size also affects the type of 
mechanical twins that are formed at different regions; this will be discussed later.  
 
Figure 5.31: Neutral layer shift position with red thick line through the twin 
deformation for (a) M1_C⊥_7 alloy at 3.4% and (b) M2_C⊥_34 alloy at 3.4%.  
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5.5.1.4. Effect of the forming mode 
The forming mode alters the characteristics of mechanical twinning formation (i.e., 
volume fraction, distribution, and twin type/variant) throughout the thickness and leads 
to a change in neutral layer position. In this section, one distinct grain orientation, i.e., 
C-axis oriented perpendicular to the sheet surface, is used to compare the 
aforementioned twin characteristics. Each bending mode is described with a general 
view and the specific details for compression and tension regions of the deformed 
structure.  
Pure bend 
The test performed under pure bending only reveals the {101̅2} tension twin type 
throughout the thickness. The mechanical twin fraction is also relatively small (about 
9% for the highest strain of 1.2% and for a coarse grain size of 34μm , Figure 5.9 (a)) 
in the compression region compared with other bending modes. This could be due to 
the absence of friction under free bend condition (i.e., bending under moment) and the 
low level of applied strain (2%). Thus, plastic material deformation is close to the yield 
point. Interestingly, a few {101̅2} tension twin type (i.e., twin area fraction of less than 
0.05%, Figure 5.9 (b)) also appears in the tension region. Those could have formed 
during the unloading stage rather than the loading process and further investigation on 
the untwining behaviour during springback will be reported in Chapter 6. In general, 
the difference in mechanical twinning in compression and tension regions are much 
less than observed in the other bending tests which were performed to higher levels of 
strain. As a result, the twin transition line (i.e., neutral layer) cannot be clearly 
distinguished with formation of twins and as demonstrated in Chapter 4, this bending 
mode is showing a very small neutral layer shift (Figure  4.15). 
V-die bend 
Similar to pure bending mode, {101̅2} tension twins also appear in the compression 
region of the V-die bent sample. The material experiences much higher strain in the 
V-die bend test in comparison to the pure bend test. As a result, the mechanical twin 
fraction observed for this bending mode is significantly higher (up to 8 times, 
Figure 5.14 (a)) compared with the pure bend test (Figure 5.9 (a)) in the compression 
region. 
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The {101̅2} twin type also appears in the tension region similar to the pure bend test 
but the volume fraction is slightly higher in the V-bending test (i.e., 5.5%, Figure 5.14 
(b)). This may also be partly related to twinning in the bending tension zone during 
unloading. In addition to the {101̅2} tension twin, other mechanical twin systems, such 
as the {101̅1} and the  {101̅5} compression twin, also appear in the tension region 
(Figure 5.13). These twins are expected given that they generally form during the 
contraction of the C-axis [47, 112, 136, 168]. 
Channel bend 
For channel bending three sample positions were analysed, namely the punch corner, 
the die corner and the side wall (Table 5.2). These positions experienced different 
strain profiles through the channel bending routine. The first two positions undergo 
deformation that is similar to V-die bending even though the amount of strain is higher 
for both positions in channel bending compared with the V-die bending test. For 
example, the theoretical strain at the punch and the die corner is approximately 8.2% 
and 11.8%, respectively compared with a strain of 5.1% in V-die bend test. The side-
wall position experiences bending and unbending strains, which cannot be compared 
with simple bending modes. Here, the sheet is, for instance, subjected initially to a 
theoretical strain of 11.8% followed by an approximate reversal strain for re-
straightening of ~11.8%. This may be comparable with the forming conditions present 
in the edge of a roll formed strip, which experiences a similar forming profile, i.e., 
bending and unbending when formed over the roll radius.  
Similar to the other bending modes, {101̅2} the tension twin type is frequently 
observed in the compression region of all three positions in the channel bend test 
specimen for 3kN blank holder force (Figure 5.18). Interestingly, the twin area 
fractions in the punch corner position (i.e., 25%) and the die corner position (i.e., 32%) 
are comparatively lower than observed in the V-die bend mode (49%). This is despite 
the lower forming radii which should have led to higher forming strains (Figures 5.22 
(a) and 5.14 (a)). This may be due to the presence of an applied tension load induced 
by the blank holder force (e.g., 3kN). Nevertheless, previous studies performed on V-
bend test at 150oC on samples showing amount of twins formed with pre-straining and 
without pre-straining in tension suggest that TAF with pre-straining at the compression 
region in magnesium reduces compared with without pre-straining [152]. As a result, 
CHAPTER FIVE 
172 
 
the compressive deformation in the compression region may be reduced which would 
result in less extension of the C-axis and through that to less mechanical twinning 
formation observed in channel bending compared with V-die bending.  
The side wall reveals very low levels of twins (i.e., 2%, Figure 5.22 (a)) in the 
compression region which is expected, as the material undergoes bending-unbend ing 
deformation and some literature [107] suggests that this is due to the activation of twins  
depending on the strain path in bending-unbending. During bending, the material in 
the compression region of the straight section experiences a similar deformation to the 
die corner position possibly leading to similar volume fraction of mechanical twins 
(i.e., 32%). The unbending deformation leads to a de-twinning process which results 
in the elimination/disappearance of twins. De-twinning was also observed in uniaxia l 
compression–tension tests performed at room temperature where twins that were 
created in compression disappeared almost entirely during the subsequent tensile step 
[54, 154]. 
In the tension region of all three positions at a 3kN blank holder force, there is only 
{101̅2} tension twinning. The fraction of twinning is slightly higher at the punch and 
die corners (~1.5%, Figure 5.22 (b)) compared with the V-die bend mode (i.e., 0.1%, 
Figure 5.14 (b)). This again may be a result of the applied blank holder force and the 
resulting increase in tensile stress compared with the V-die bending test. The side wall 
reveals less than 0.5% twin area fraction, which may be due to the de-twinning taking 
place during unbending. Previous studies on the channel bending of AZ31 magnesium 
sheet at zero blank holder force at room temperature has shown that twins observed in 
the side wall region is small and it was suggested that the formation of twins is 
dependent on the strain path  [107].  
The blank holder force appears to affect the extent of mechanical twinning formation. 
The twin fraction at 6kN blank holder force slightly increases at different positions in 
the compression region compared with 3kN force (Figure 5.22 (a)). The twin area 
enhances about 4% at the punch corner and the die corner, while the increment is 
~0.5% at the side wall position (Figure 5.22 (a)). As previously shown in Chapter 4, 
increasing the blank holder force leads to the reduction of springback (Figure 4.9). A 
lower level of springback could have led to less de-twinning during material release 
after forming and through that to the increased twin area fraction observed for the 
higher blank holder force. 
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In the tension region, a slight increase in the twin area fraction is also observed with 
an increase in the blank holder force in all positions from 3kN to 6kN (Figure 5.22 
(b)). In the tension region of the punch and the die corner only a few {101̅1} and 
{101̅3} compression twin types (Figure 5.21 (a) and (b)) appear along with {101̅2} 
tension twins. The presence of compression twins is mainly due to an increase in the 
tension load induced by the blank holder force. These twins are expected given that 
they generally form during the contraction of the C-axis at higher strain [47, 112, 136, 
168]. It can also be speculated that the twins may partly be formed on unloading. 
Twinning during unloading is an area, which requires further work in form of an in-
situ study to clearly demonstrate the microstructure changes that take place during 
unloading. In Chapter 6, this will be addressed for the V-die bending mode through in-
situ testing. 
Roll forming 
In roll forming, an incremental bending process takes place, which significantly 
changes the extent of mechanical twinning formation throughout the thickness in the 
profile radius and the edge of the strip (Table 5.2). These positions experience different 
deformation profiles. The former is similar to the V-die bending mode where the 
material is simply bent in the transverse direction to the desired profile radius. There 
is also material bending and unbending deformation in the longitudinal direction when 
the material enters and exits the forming roll [129]. In the edge there is some degree 
of tensile deformation in the longitudinal direction due to stretching as well as the 
bending and unbending over the forming roll. This is comparable to materia l 
deformation in the transverse direction in the wall of a channel drawn sample. 
 In roll forming only {101̅2} tension twins were observed in both the profile radius 
area and the strip edge (Figs.5.23, 5.24, 5.26 and 5.28). The twins formed during the 
bending over the forming roll in the strip edge position are expected to disappear 
during the subsequent unbending schedule when the strip exits the forming roll. 
(Figure 5.26 and 5.27). This ultimately results in a significantly lower fraction of 
mechanical twins formed throughout the thickness. As shown in Figure 5.28, the twin 
fraction in both the compression and the tension regions are almost similar. The twin 
area fraction determined for the different roll forming conditions is compared with the 
theoretical permanent longitudinal strain measured in the strip edge, i.e., the difference 
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of the maximum longitudinal edge strain measured and the elastic limit strain in Figure 
5.32. Comparing conditions 2 to 3 suggests that the twin area fraction in the strip edge 
increases with the level of permanent longitudinal strain in the strip edge. This 
becomes especially clear when comparing conditions 2 and 4 where the forming 
sequence is the same but the grain size is increased. Nevertheless previous results 
suggest that if the C-axis is oriented perpendicular to the sheet surface direction, tensile 
deformation leads to an extension of the C-axis and deformation by slip. Tensile 
deformation in the longitudinal direction therefore, cannot be the reason for the 
increased twinning area fraction observed when comparing conditions 2 and 4. 
Though, when the strip exits the forming roll it is re-straightened. If the component 
rigidity is high and not all longitudinal deformation in the strip edge compensated by 
developing a bow in the product, compressive deformation in the strip edge may result 
which would lead to the extension of the C-axis and could explain the increased 
twinning area fraction in the strip edge observed with increasing longitudinal strain for 
conditions 2-4. 
 
Figure 5.32: Variation of twin area fraction and the longitudinal edge strain in roll 
forming trials. 
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The increase of the forming strains from 3.4% (i.e., forming radius 15 mm) to 9.7% 
(i.e., forming radius 5 mm) increases the twin fraction from 5% to 23% (Figure  5.28) 
in the strip edge. This cannot be related to an increasing longitudinal deformation in 
the strip edge which as shown in Figure 5.32 (compare condition 1 and 2) reduces 
when decreasing the profile radius formed from 15 to 5 mm. Further investigation is 
required to understand this effect.  
The profile radius in roll forming should experience similar deformation when 
compared with V-die bending. The main difference would be that the profile radius in 
roll forming is formed by incremental transverse bending deformation combined with 
bending and unbending in the longitudinal strip direction. In V-die bending the 
material is simply bent monotonically in the transverse direction. The extent of 
twinning in roll forming in the compression region is much higher for the forming of 
a 15 mm radius (i.e., 65%) compared with the V-bending (i.e., 28%) to the same radius, 
i.e., forming to the same level of final strain (i.e., 3.4%). Given that the bending radius 
is the same, the increased twinning area fraction in roll forming maybe due to the 
bending-unbending deformation over the roll radius. However, the channel bend tests 
has revealed that bending and un-bending deformation does not lead to significant 
twinning. Previous studies suggest that in addition to longitudinal deformation in the 
strip edge there are other types of redundant deformation in the roll forming process 
such as shear and transverse tensile deformation [82]. Those were not investigated here 
but may have led to the increased twinning in roll forming compared with the simple 
V-die bending process.   
The change in the forming sequence also appears to alter the extent of mechanica l 
twinning in the compression region of the roll formed profile radius. This is despite 
that fact that both the FS1 and the FS2 form the same final profile radius. FS2 leads to 
a higher fraction of mechanical twin (80%) compared with the FS1 condition (65%). 
While FS1 leads to a homogeneous distribution of material deformation over the 
forming stations, in FS2 material deformation is uneven and low at the start followed 
by more aggressive forming in the last forming stations. Even though the measurement 
of longitudinal edge strain did not reveal significant changes between both forming 
sequences it is likely that FS2 leads to a higher level of redundant deformation 
compared with FS2 as described in Section 2.5 [82]. This would explain the higher 
level of mechanical twinning observed in the profile radius for FS2 compared with 
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FS1. To fully understand the mechanisms, additional studies are required that focus on 
analysing the level and types of redundant deformation close to the profile radius area.  
As it is well described in sections 5.5.1.1 and 5.5.1.3, the increase of grain size and the 
strain levels leads to an increase in the twin formation in bending. This is consistent 
with the roll forming as it has increased the twin area fraction from 65% to 71% with 
increase of strain from 3.4% to 9.7% and twin area fraction increase from 65% to 87% 
when the grain size is increased from 7μm  to 15.5μm. 
5.5.2. Influence of twinning on springback 
As it is well described in Chapter 4, the springback is significantly influenced by 
forming process parameters, namely strain, strain path, forming mode and materia l 
parameters such as texture and grain size in bending and roll forming. Also, it is clearly 
demonstrated in Section 5.5.1, that formation of twinning in bending and roll forming 
is influenced by the aforementioned process and material parameters. This suggests 
that the formation of twinning can be related to the springback in bending and roll 
forming.  
Figure 5.33 shows the Twinning Area Fraction (TAF) measured in the compression 
side and springback as a function of the grain size for the two bend radii (10 and 15mm) 
and strain levels (3.4% and 5.1%) formed. It becomes clear that an increase in 
magnesium grain size and strain level formed increases the TAF and decreases 
springback. It therefore can be concluded that springback in bending magnesium 
decreases with increasing TAF.   
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Figure 5.33: Variation of TAF with springback in the high strain V-die bend test. 
The same trend is true for the roll forming process and the TAF as well as springback 
are shown as a function of the roll forming condition 2, 3 and 4 in Figure 5.34. As 
already mention above the TAF in the roll formed profile radius is higher for FS2 
compared with FS1 while springback is lower. The TAF also increases when 
increasing the grain size for FS1 (compare condition 2 to 4) and this results in a 
reduction in springback. The trends observed in the roll forming process therefore can 
be related directly to changes in TAF.  
This also would explain the trends in springback observed when comparing roll 
forming with V-die bending to a final profile radius of 15 mm (see Figure 5.34). Here 
for all alloys tested, lower springback was observed for the roll forming process. As 
revealed in the current chapter and shown in Figure 5.34, in the compression region of 
the V-bend profile the level of TAF was significantly lower compared with the roll 
formed profile (compare condition 1 to conditions 2 and 3 in Figure 5.34), i.e., the 
lower springback in roll forming compared with simple V-die bending may be related 
to a higher level of TAF in roll forming compared with V-die bending.  
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Figure 5.34: variation of TAF with springback in roll forming trials. 
This suggests that a higher twinning formation reduces the springback. In other words, 
the condition in which the twinning formation is promoted throughout the thickness 
significantly decreases the springback. This is also aligned with the extent of the 
neutral layer shift, i.e., higher mechanical twinning formation leads to a higher shift of 
the neutral layer. The shift of the neutral layer measured by the GOM Aramis strain 
measurement system in Chapter 4 is compared with the shift of the neutral layer 
suggested by the analysis of twin formation over the material thickness in Figure 5.35. 
It becomes clear that good correlation is achieved which experimentally confirms that 
the shift in neutral layer position in bending magnesium is directly related to twin 
formation, i.e., the amount and position of mechanical twins over the sheet thickness. 
In addition, it is well know that the bending moment and through that the level of 
springback in bending metal strip is directly related to the position of the neutral layer 
[105, 152, 155]. Figure 5.34 therefore gives further evidence that springback in 
bending magnesium is directly related to the twinning behaviour, i.e., decreases with 
increasing TAF due to the shift of the neutral layer position.  
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Figure 5.35: Comparison of neutral layer shift measured via strain by the GOM 
Aramis system and by analysing the twinning distribution over the sheet thickness. 
5.6. Conclusion 
The influence of intrinsic (grain size and texture) and extrinsic (strain and bending 
mode) parameters on the twinning behaviour of AZ31 magnesium sheet in bending 
and roll forming was experimentally investigated.  
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An inhomogeneous mechanical twinning behaviour was observed throughout the sheet 
thickness which led to asymmetric deformation in bending and roll forming. The  
{101̅2} tension twin type was most significant while other twin types showed less 
effect on the forming behaviour. In all forming conditions the amount of mechanica l 
twin deformation, i.e., the Twinning Area Fraction (TAF) increased with the level of 
outer fibre strain and grain size.  
Comparison of the V-bending and the channel bending tests revealed that the TAF 
reduces if a tensile stress is applied (in the form of a blank holder force in the channel 
bend test). This was related to a reduced compressive stress/deformation in the 
compression zones of the sheet when forming over the profile radii.  Very minor 
twinning deformation was observed in the channel wall area possibly due to the 
bending- unbending deformation which may have led to the creation and elimination 
of mechanical twins.  
The TAF fraction in the radius profile was higher in the roll formed sections compared 
with those which were V-bent to the same profile radius. The TAF further increased 
when changing the roll forming sequence from an evenly distributed forming over all 
stations to uneven forming. It was suggested that the higher TAF in roll forming 
compared with V-bending may be due to unwanted deformation other than transverse 
bending near the profile radius which has been reported for roll forming in previous 
work. It is further well know that an uneven forming sequence is also likely to lead to 
additional material deformation near the profile radius that may increase the TAF.   
For all forming conditions, springback decreased with increasing TAF and was lower 
in roll forming compared with the V-bending process. Comparison of the neutral layer 
shift determined via strain measurements performed with the GOM Aramis system in 
chapter 4 and by investigation of the distribution of twins over the material thickness 
in the current chapter suggest that the neutral layer shift is directly related to the 
twinning behaviour. Given that springback in bending depends on the position of the 
neutral layer, the results of this chapter give experimental evidence for the effect of 
twinning and TAF on springback in bending magnesium sheet.   
Changing the orientation of the C-axis from perpendicular to the sheet surface 
(common orientation for rolled AZ31 sheet) to parallel to the sheet surface changed 
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the position of major twinning deformation from the bending compression (when C-
axis is oriented perpendicular to the sheet thickness) to the tension zone (when C-axis 
is oriented parallel to the sheet thickness) of the bent sample. This altered the direction 
of the neutral layer shift but did not affect the overall level of TAF. For this reason 
also the overall level of springback observed for both C-axis orientations remained the 
same.  
In the pure and the V-die bending tests, mechanical twins were observed in 
deformation zones where the C-axis was contracted, i.e., deformation should have 
been solely by slip. It was argued that mechanical twins may have formed in those 
regions during part release and springback. In addition, in the channel bend tests, a 
higher blank holder force led to a higher level of TAF which was related to reduced 
springback and the resulting reduction of de-twinning. Nevertheless, no experimenta l 
proof could be provided in this chapter which was limited to twinning observation post 
forming. To investigate the twinning and un-twinning behaviour during forming and 
springback in-situ V-die bending trials will be performed in the upcoming chapter.   
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6. Evolution of the microstructure during bending and 
springback 
6.1. Introduction 
The cold forming of magnesium alloys is restricted to moderate deformation at room 
temperature and this is attributed to the difficulty of activating independent slip and 
twinning systems [190-193]. The plastic deformation of magnesium is accommodated 
mostly by slip and twinning and the propensity of those deformation mechanisms 
depends on the loading direction of the grains i.e., if they are perpendicular or parallel 
to the basal plane [178]. As a result, most of the magnesium wrought alloys show high 
levels of mechanical anisotropy and this may change the deformation mechanism  
throughout the thickness in bending [13]. This is due to the HCP crystal structure and 
the necessity to combine different deformation modes in bending. 
Previous studies on bend forming were limited to investigations after unloading the 
sample (i.e., final microstructure after springback) [105, 152]. Huang et al. [13] 
concluded that the dominant deformation mode in the inner and the outer side of a bent 
sample at 150˚C is twining and slip respectively which leads to inhomogeneous 
deformation throughout the thickness. Experimental investigations of the deformation 
twinning in magnesium were limited to the effect of strain levels and temperatures and 
a fundamental analysis on twinning and slip during bending deformation and 
springback at room temperature has not been performed yet.  
In the previous chapter the twinning behaviour in bending was investigated for 
different levels of outer fibre bending strain for AZ31 magnesium sheet. It was shown 
that the springback behaviour depends on the amount of twin deformation as well as 
the level of strain in the outer fibre of the bent sample. It was confirmed that an 
increased level of deformation twin area fraction reduces springback. For rolled sheet 
with the C-axis oriented perpendicular to the sheet surface, most mechanical twins 
were found in the bending compression zone where the C-axis is extended. However, 
for some cases tension twins were also found in the bending tension zone where the 
C-axis is contracted and deformation should be limited to slip with only minor 
twinning. It was argued that the tension twins found in the tension bending region may 
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be due to springback and the resulting compressive deformation. Nevertheless only by 
in-situ analysis can this mechanism be confirmed. In addition, so far it is unclear how 
slip deformation contributes to the bending and springback behaviour. No studies can 
be found that focused on in-situ bending to understand the deformation mechanism 
during bending and unloading. 
An extensive experimental study on the slip and twinning behaviour of magnesium 
sheet during loading and unloading in bending was performed in this chapter to 
understand the influence of slip deformation in bending and to recognise deformation 
behaviour during unloading and springback. 
6.2. Methodology 
This chapter reports studies on the slip and twinning behaviour of AZ31 magnesium 
sheet in in-situ bending at room temperature. To investigate the tendency of slip and 
mechanical twinning in specific regions (Figure 6.3) during loading and unloading, 
in-situ V-die bend tests were performed for different strain levels. 
In the V-die bend test the magnitude of the outer fibre bending strain can be changed 
by varying the punch stroke and the effect of slip and twin deformation on bending 
and springback was determined for different levels of strain. Both SEM and EBSD 
images were used to detect the activated slip systems and twining behaviour analysed 
with EBSD. 
6.3. Experimental background   
6.3.1. Material 
In chapter 5 it was recognised that there is clear trend for variation of twin volume 
fraction for different grain sizes and C-axis orientations and types of twins formed for 
different strain levels after the bend forming process (final formed parts), therefore to 
study the formation of slip and twinning for one particular loading unloading path one 
material was selected to reduce the complexity of the experiments and produce 
sufficient data to validate the findings.  
Commercial rolled magnesium AZ31B alloy sheet with a thickness of 1 mm was used 
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in this chapter. The microstructure contained fully recrystallized grains with an 
average grain size of 34μm  and the C-axis oriented perpendicular to the sheet surface.   
6.3.2. Micro V-die bend test 
The characterisation of slip and twining in bending was carried out using an in-situ 
V-die bending set up embedded in a SEM Leo 1530 microscope, as described in 
Section 3.8. The samples were polished on the sheet thickness plane (i.e., the plane 
parallel/along the loading direction) as described in Section 3.7. The in-situ V-die bend 
testing was performed at different strains (i.e., punch strokes, Table 6.1 and Figure 6.1) 
at a deformation rate of 5μm s−1 and for dry (unlubricated) conditions.   
Table 6.1: Loading and after unloading punch strokes achieved in the in-situ V-die 
bending trials for slip tracing and twinning. 
Test Strain Maximum punch 
stroke, mm 
Loading punch 
stroke,  𝑃𝑆𝑙, mm 
Punch stroke 
position after 
unloading, 𝑃𝑆𝑢𝑙, 
mm 
Low (4.12%) 1 1 0.6 
High (6.67%) 3 3 2.65 
 
Figure 6.1: Schematic diagram of the punch position during (a) loading and (b) after 
unloading in the in-situ V-die bending test. 
Two punch strokes were tested, 1 mm and 3 mm, which corresponds to outer fibre 
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strains of 4.12% and 6.67%, respectively. The maximum loads at the final punch stroke 
position were 76 N and 115 N for punch strokes of 1 mm and 3 mm, respective ly 
(Figure 6.2).  
  
Figure 6.2: Bending load versus punch stroke for different punch strokes of (a) 1mm 
(i.e., low strain of 4.12%), and (b) 3mm (i.e., high strain of 6.67%). 
For each punch stroke /strain condition EBSD and SEM were conducted at three 
loading states, namely initial (unbent) sample, fully loaded sample (i.e., maximum 
load) and fully unloaded sample (0N) in the compression and the tension zone. Special 
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care was taken to examine the same area for all loading stages. 
After one EBSD run, the surface of the sample became contaminated with the indexing 
rate (i.e. pattern quality) being too low to conduct a second EBSD map on the same 
area. Therefore, two V bending tests were conducted for each condition one for loading 
and the other after unloading.  The EBSD maps obtained for the loading and the after 
unloading condition are therefore not from the same sample area. To clearly see the 
twinning behaviour in one sample during loading and unloading at the same position 
tests were performed to a maximum punch force of 40N so that there was less 
deformation in the particular region. This was followed by reducing the maximum load 
in two unloading steps (i.e., 20N and 0N) until the fully unloaded condition (i.e., 0N) 
was reached. The change in twinning was monitored at each stage using SEM with 
EBSD mapping.  
All EBSD measurements were carried out at an acceleration voltage of 20kV, a 
working distance of 18-20 mm and step size of 0.3 or 1μm. The EBSD scans provide 
information about the crystallographic orientation of the grains at different stages of 
loading. 
6.3.2.1. Identification of activated slip systems 
To identify the slip systems that operate during loading, the crystallographic 
orientation was determined by EBSD mapping and the slip trace inclination to the 
transverse direction was measured from the SEM micrographs, as demonstrated by 
others [136]. Figure 6.3 schematically shows the areas where the SEM and EBSD maps 
were acquired in the tension and compression regions of the bent sample. 
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Figure 6.3: Schematic representation of tension and compression regions in a bent 
sample tested in the in-situ V-die bending test. 
6.4. Results  
6.4.1. Deformation slip system during loading and after unloading in 
bending of AZ31 magnesium sheet 
6.4.1.1. Low strain bending 
The SEM image of the initial material in the bending compression region did not show 
any deformation feature, suggesting that the material is in a strain-free condition. Only 
a few grain boundaries were visible, as marked by the black arrows in Figure 6.4(a). 
Particles were frequently observed at the surface, which may be due to contamination 
during sample preparation and handling. The EBSD map along with the pole figure 
(right) taken from the same area clearly reveal the presence of grains with different 
orientations and grain boundaries (Figure 6.4 (b)). These grains mostly have 
orientations close to the normal direction (their C-axis is perpendicular to the sheet 
surface). Similar pole figures were observed for the initial microstructure for all 
conditions and regions tested. 
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Figure 6.4: (a) SEM image (b) EBSD map and its corresponding pole figure of the 
initial material in the compression region for the strain-free condition. 
At 4.12% loading strain, deformation/slip lines appeared in most grain interiors, as 
shown by the black lines in Figure 6.5 (a). The trace analysis was performed for 10 
grains to identify the favourite activated slip systems (i.e., basal, prismatic, first order 
pyramidal and second order pyramidal slip) in each grain. 
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Figure 6.5: Microstructure in the compression region under (a) loading (b) unloading 
for bending to  4.12% outer fibre strain. The black lines in (a) represent the slip lines. 
For trace analysis, the basal (0001), (101̅0), (101̅1) and (112̅2) pole figures for a 
given grain were plotted with EBSD maps, where the transverse direction (TD) was 
parallel to the compression/tension direction of the bent sample. Afterwards, the 
closest trace to the observed slip lines in the grain was superimposed on the pole 
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figures (shown by the thick lines in Figure 6.6), going through the pole figure centre. 
The pole, which coincides with a line (dash line) normal to the trace in one of the pole 
figures, represents the closest activated slip system in a given grain. The orange 
coloured line on the pole figure next to the closest slip system detected gives the 
deviation from the slip plane. The angular deviations of all of the measured slip traces 
from the normal to the traces are summarized in Table 6.2. It should be mentioned that 
in some cases the slip lines were curved. In such a situation, an average line was taken 
as a trace. 
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Figure 6.6: Slip traces and accompanying pole figures to identify the most likely 
active deformation mode after loading to 1mm punch stroke in the compression 
region of grains 1 to 10, highlighted in Figure  6.5 (a). The thick and dashed red lines 
on the pole figures are the closest trace to the observed slip lines and the trace of the 
slip plane (normal to the slip line) while the orange coloured line represents the 
deviation from the slip plane to the closest slip system detected. 
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Figure 6.6: Continued. 
The trace analysis revealed that the most greatly activated slip systems were prismatic 
(i.e., {101̅0}, 4 out of 10 grains) and first order pyramidal (i.e., {101̅1}, 4 out of 10 
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grains) followed by the basal slip system (i.e., {0001}, 2 out of 10 grains). This is for 
grains in the compression area at 4.12% strain (Table 6.2). The deviation from the 
nearest theoretical trace analysis fell within 9°. 
Table 6.2: Summary of slip systems observed in the compression region at 4.12% 
strain. 
Grain Type of slip system Angle 
deviation, o 
Grain 1 Basal <a> (0001) 6 
Grain 2 Pyramidal  <a> (101̅1) 9 
Grain 3 Prismatic <a> (101̅0) 8 
Grain 4 Pyramidal  <a> (101̅1) 0 
Grain 5 Prismatic <a> (101̅0) 2 
Grain 6 Prismatic <a> (101̅0) 3 
Grain 7 Pyramidal  <a> (101̅1) 1 
Grain 8 Pyramidal  <a> (101̅1) 2 
Grain 9 Prismatic <a> (101̅0) 0 
Grain 10 Basal <a> (0001) 5 
After unloading the bent sample to 0 N (i.e., 0.6 mm punch stroke position), the slip 
lines were mostly preserved in the grain interiors and no remarkable change was 
observed (Figure 6.5 (b)).  
In the tension region, the slip lines were visible in only a few grain interiors, as shown 
in Figure 6.7 (a). The trace analysis performed on grains 1 and 2 (Figure 6.8), 
recognised the nearest activated slip system as first order pyramidal slip ({101̅1}) in 
both grains (Table 6.3). Similar to the compression region, after unloading the tension 
region, there were no changes in regard to the activated slip lines compared with the 
loaded condition (Figure  6.7 (b)). 
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Figure 6.7: Microstructure in the tension region under (a) loading (b) after unloading 
at 4.12% strain. The black lines in (a) represent the slip lines. 
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Figure 6.8: Slip traces and accompanying pole figures to identify the most likely 
active deformation mode after loading to 1 mm punch stroke in the tension region for 
grains 1 and 2 highlighted in Figure  6.8 (a). The thick and dashed red line on the 
pole figures are the closest trace to the observed slip lines and the trace of the slip 
plane (normal to the slip line) respectively while the orange coloured line represents 
the deviation from the slip plane that corresponds to the closest slip system detected. 
Table 6.3: Summarised slip systems observed in the tension region at 1 mm punch 
stroke. 
Grain Type of slip system Angle 
deviation, o 
Grain 1 Pyramidal <a> (101̅1) 0 
Grain 2 Pyramidal  <a> (101̅1) 0 
6.4.1.2. High strain bending 
At higher outer fibre strains of 6.67% the slip lines clearly appeared in most grain 
interiors in the compression region as shown by the black lines in Figure 6.9 (a). The 
trace analysis was performed for 14 grains to detect the nearest activated slip system 
in each grain (Figure 6.10). 
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Figure 6.9: Microstructure in the compression region under (a) loading (b) unloading 
conditions at 6.67% strain. The black lines in (a) represent the slip lines. 
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Figure 6.10: Slip traces and accompanying pole figures to identify the most likely 
active deformation mode after loading to 6.67% strain in the compression region for 
grains 1 to 14, as highlighted in Figure  6.9 (a). The thick and dashed red line on the 
pole figures are the closest trace to the observed slip lines and the trace of the slip 
plane (normal to the slip line) respectively while the orange coloured line represents 
the deviation from the slip plane that corresponds to the closest slip system detected. 
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Figure 6.10: Continued. 
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Figure 6.10: Continued. 
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The trace analysis revealed that the mostly activated slip system was {101̅1} pyramida l 
(i.e., 10 out of 14 grains) followed by the {101̅0} prismatic slip system (i.e., 3 out of 
14 grains) for grains in the compression region at 6.67% strain (Table 6.4). The 
pyramidal slip systems include 4 second-order pyramidal systems (i.e., <c+a>), which 
normally are reported at temperatures above 150 oC [194]. Only one {0001} basal slip 
system was detected here. 
Table 6.4: Active slip systems observed at different grain interiors in the 
compression region at 6.67% outer fibre bending strain. 
Grain Type of slip system Angle 
deviation, o 
Grain 1 Basal <a> (0001) 4 
Grain 2 Prismatic <a> (101̅0) 4 
Grain 3 Pyramidal  <a> (101̅1) 1 
Grain 4 Pyramidal  <c+a> (112̅2) 2 
Grain 5 Prismatic <a> (101̅0) 0 
Grain 6 Pyramidal  <c+a> (112̅2) 2 
Grain 7 Pyramidal  <a> (101̅1) 3 
Grain 8 Pyramidal  <a> (101̅1) 2 
Grain 9 Pyramidal  <c+a> (112̅2) 0 
Grain 10 Pyramidal  <c+a> (112̅2) 2 
Grain 11 Prismatic <a> (101̅0) 0 
Grain 12 Pyramidal  <a> (101̅1) 1 
Grain 13 Pyramidal  <a> (101̅1) 0 
Grain 14 Pyramidal  <a> (101̅1) 2 
In the tension region, the surface of the sample became highly uneven at 6.67% which 
made it difficult to distinguish between the deformed features (e.g., slip lines). 
Therefore, the slip system analysis was not performed for this condition. 
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Figure 6.11: Microstructure in the tension region under (a) loading (b) after 
unloading at 6.67% strain.  
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6.4.2. Twin formation during loading and after unloading in bending of 
AZ31 magnesium sheet 
The mechanical twinning formation under loading and after unloading was monitored 
with EBSD in both the compression and the tension regions at different strains (i.e., 
punch stokes), as shown in Figure 6.12 and Figure 6.13. During the bending process, 
{101̅2} tension twins mostly appeared in the compression and the tension regions for 
both strain conditions. In addition to the {101̅2} tension twin type, the {101̅1} 
(Figure 6.14 (c) and (d)) compression twin type was also observed in the tension region 
at high bending strains.  
Twinning was significantly higher in the compression region compared with the 
tension region (Figures.6.13 and 6.14) for both outer fibre bending strains. The extent 
of mechanical twinning progressively increased with increasing outer fibre strain for 
both the compression and the tension region (Figure 6.15). During unloading, the 
amount of mechanical twinning in the compression region reduced, suggesting that de-
twinning occurred (Figure 6.15 (a)). In contrast, a slight twin area fraction increase 
was observed in the tension region during unloading (Figure 6.15 (b)). 
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Figure 6.12: EBSD maps at different regions under varying loading conditions at 
4.12% strain: (a) compression region under loading, (b) compression region after 
unloading, (c) tension region under loading, and (d) tension region after unloading. 
Black and red lines refer to high angle general grain boundaries and {101̅2} twin 
boundaries (86o < 12̅10 >), respectively. 
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Figure 6.13: EBSD maps at different regions under varying loading conditions at 
6.67% strain: (a) compression region under loading, (b) compression region after 
unloading, (c) tension region under loading, and (d) tension region after unloading. 
Black, red and fuchsia lines refer to high angle general grain boundaries, {101̅2} 
twin boundaries (86o < 12̅10 >) and {101̅1} twin boundaries (56o < 12̅10 >), 
respectively. 
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Figure 6.14: Twin area fraction at different loading conditions for varying strains at 
different regions: (a) compression and (b) tension. 
To monitor the change in the mechanical twinning throughout the thickness (i.e., 
compression and tension regions) during unloading, the process of unloading was 
conducted at two unloading stages. The load level was firstly reduced from 40N (i.e., 
fully loaded sample) to 20N (i.e., partially loaded sample). In the compression region 
the thickness of some of the mechanical twins (i.e., a, b, c, d and e) was slightly reduced 
with such a decrease in the load (Figure 6.16). Further reduction in the load to 0N (i.e., 
complete unloading) led to the complete disappearance (i.e., a, b, c and d) and partially 
disappearance (i.e., e) of some of the mechanical twins.    
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Figure 6.15: Microstructural changes during gradual unloading in the compression 
region: (a) starting microstructure (0 N), (b) Loading to 40 N, (c) partial unloading to 
20 N (all arrowed twins are thinning) and (d) fully unloading to 0 N (further thinning 
of twins while others are de-twinned). 
In the tension region, no obvious changes were observed in the selected area with a 
sequence reduction of load from 40 N (i.e. fully loaded) to 20 N (i.e. partially 
unloaded) followed by 0 N (i.e., fully unloaded condition). This may be due to the 
deformation stress in this region being too small to initiate deformation by twinning or 
slip on the surface. As can be seen in Figure 6.17 no slip lines or twinning could be 
identified. 
 CHAPTER SEVEN 
207 
 
 
Figure 6.16: Microstructural changes during gradual unloading in the tension region 
during bending: a) starting microstructure (0 N), b) Loading to 40 N, c) partial 
unloading to 20 N and d) fully unloading to 0 N. 
6.4.3. Springback  
In general, springback reduced with increasing outer fibre bending strain, i.e., 
increasing punch stroke as shown in Figure 6.17.   
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Figure 6.17: springback variation with strain (punch stroke) in the in-situ V-die 
bending test. 
6.5. Discussion 
This study clearly demonstrates that there is a significant change taking place 
throughout the thickness of bent magnesium sheet during loading and unloading. The 
extent of these changes depends on the deformation region (i.e., compression and 
tension regions) and the applied strain, which ultimately alters the springback 
behaviour. 
6.5.1. Role of slip and twinning in bending 
There is an inhomogeneous distribution of deformed structure throughout the thickness 
of the bent sheet. As discussed in Chapter 5 (Section 5.5.1, Figure 5.1), during the 
loading process in bending, the initial microstructure in the inner side of the bent 
sample experiences compressive deformation (i.e., C-axis extension) while the outer 
side is subjected to tension (i.e., C-axis contraction). This results in a significant 
change in the deformation mechanism operating throughout the thickness. During 
unloading, i.e., springback, the forming loads reverse from compression to tension in 
the bending compression zone and from tension to compression in the bending tension 
zone. In this way twins that are formed during loading in the compression region are 
subjected to tension load during unloading. It therefore can be expected that twins 
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formed during loading are, to some extent, reversed during unloading and fully or 
partially disappear  in form of de-twinning [114] or twin-thinning [195]. In contrast in 
the tension region where there is compressive deformation during unloading fresh 
mechanical twins may appear. The extent of slip and mechanical twinning depends on 
the applied load (stress/strain) in respect to the loading mode (i.e., tension and 
compression) which will be discussed later. 
Compression region: 
During loading, grains in the compression region undergo C-axis extension. This 
results in the appearance of both slip and twinning. For forming to an outer fibre strain 
of 4.12% the microstructure clearly demonstrates the operation of three different slip 
systems (i.e., basal, prismatic and pyramidal, Table 6.2) along with {101̅2} twinning 
(Figure 6.13). It is well known that the easiest slip system is that of basal slip which 
has the lowest critical resolved shear stress at room temperature [1]. Mechanica l 
twinning is favoured during extension of the C-axis and rotates nearly all of the grains 
by 86˚ after which prismatic slip is the  favourable deformation mechanism to 
accommodate deformation [186].  It is reported that the <a> type pyramidal slip system 
is generally not activated when the C-axis is extended but is mainly active upon C-axis 
contraction [69]. However, Li et al. [196] identified the presence of <a> type pyramida l 
slip on a twinning plane in a magnesium alloy where the C-axis was subjected to 
extension during uniaxial tensile loading applied along the C-axis . As discussed in 
Chapter 5, there is a strong tendency to activate twinning when the C-axis is extended. 
Hence, the formation of both {101̅2} twinning and <a> type pyramidal slip along with 
basal and prismatic slip systems in the compression region is promoted. The current 
observation made for the compression region in bending is therefore consistent with 
previous observations made by Li and co-workers [196]. 
The mechanical twining and slip characteristics (i.e., twin volume fraction, twin type 
and slip system) formed in AZ31 magnesium subjected to deformation change with 
forming strain and this also has been previously demonstrated by others [136]. In the 
compression region of the bent sample, the number of grains deformed by slip is 
increased from 10 to 14 when increasing the outer fibre bending strain from 4.12% to 
6.67%, respectively (Compare Tables 6.2 and 6.4). Also a higher number of pyramida l 
slip systems appear at 6.67% strain. As discussed in Section 5.5.1.1, an increase in the 
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strain also leads to the nucleation of new twins and further growth of initial formed 
twins (compare Figure 5.10 (a) with 5.11 (a))). This leads to an increase in the twin 
area fraction from 65% to 84% in the bending compression region when the outer fibre 
bending strain is increased from 4.12% to 6.67% respectively (Figure 6.15 (a)). 
No pronounced change is observed in the slip deformation modes, as all three slip 
modes that were present during loading in the bending compression zone (i.e., basal, 
prismatic and pyramidal) are also detected after unloading. This may be due to the 
general observation of non-reversibility of slip systems [197].  
In the bending compression region the twin area fraction reduces during unloading 
(Figure  6.13 (b)) and this was related to twin thinning and de-twinning processes 
(Figure 6.16), as also demonstrated by others during loading-unloading cycles for 
uniaxial tensile testing [114, 195]. The extent of de-twinning and/or twin thinning 
increases with the applied forming strain. For example Figure 6.15 (a) the twin area 
fraction is reduced by 5% and 11% during unloading after forming to 4.12% and 
6.67%, outer fibre strain respectively.  
This suggests that the results for twin area fraction presented in chapter 5 likely 
underestimate the real amount of twinning during loading given that those 
measurements were taken after springback.  
Tension region: 
It has been well demonstrated in uniaxial tensile tests performed at room temperature 
in previous studies that the contraction of the C-axis leads to deformation being 
governed by the activation of slip systems while mechanical twin formation is minor 
[73, 136, 198].  However, in the bending tension region only pyramidal slip is observed 
at a strain of 4.12%, although this type of slip has a higher critical resolved stress than 
basal and prismatic slip systems [199, 200] which were not observed. Only a small 
part of the bending tension region was examined and the level of applied strain was 
high (i.e., 4.12%); this made it difficult to clearly distinguish all active slip systems 
and the results need to be viewed with caution. 
With the C-axis orientation perpendicular to the tension load in the tension region 
during loading, there is much lower twin area fraction in the tension region compared 
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with the bending compression region (Compare Figure   6.13 (a) and (c)). An increase 
in outer fibre strain from 4.12% to 6.67% made it difficult to identify any slip lines 
due to an uneven surface, but the twin fraction slightly increased from 0.5% to 1%, 
respectively. 
During unloading, the slip lines did not change but the twin fraction slightly increased 
for both levels of outer fibre strain (i.e., 4.12% and 6.67%). The twin area fraction was 
increased by 0.35% and 0.5% during unloading at the applied strain of 4.12% and 
6.67% (Figure 6.15 (b)).  
As demonstrated in Chapter 5, the tension regions of all bending modes show {101̅2} 
tension twins and the results shown here suggest that these may be due to unloading 
of the bent sample (i.e., springback). As demonstrated above, it is clear that some of 
{101̅2} tension twins formed during unloading as the twin area fraction increased 
during unloading. However, as it was revealed in this chapter that some of the {101̅2} 
tension twins also formed during loading. 
6.6. Conclusion 
The influence of deformation mechanisms (i.e., slip and twinning) on the bending 
behaviour of AZ31 magnesium sheet was experimentally investigated in this chapter 
for the loading and the after-unloading (springback) case. The results provide evidence 
of the operation of twinning and slip for both loading cases.  
An inhomogeneous slip and mechanical twinning behaviour was observed throughout 
the thickness of the bent area which led to asymmetric deformation in bending. At the 
inner side of the bent sample (compression zone during loading), at the fully loaded 
condition, a combination of {101̅2} tension twinning as well as prismatic and 
pyramidal slip was observed while there was only limited basal slip deformation.  Both 
the number of slip systems and the amount of mechanical twin deformation increased 
with the level of forming strain. At the fully unloaded condition, there was no change 
on the slip deformation while the twin area fraction reduced due to twin thinning and/or 
de-twinning processes. In the outer side (under tension during bending) of the bent 
sample only a few grains deformed with both slip and twining. During unloading the 
twinning area fraction was increased and an additional twin type {101̅1} observed. 
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7. Concluding remarks and Future work 
7.1. Conclusions  
Chapter 2 revealed that magnesium alloy sheet is receiving increasing interest as a 
light weight material in the automotive industry. Given the low formability of 
magnesium at room temperature advanced forming processes such as roll forming are 
required and the forming behaviour of AZ31 magnesium alloy at room temperature 
needs to be further understood. The main objective of this study was to develop a 
fundamental understanding of the bending and roll forming behaviour of AZ31 
magnesium alloy at room temperature and based on this knowledge to develop a simple 
analytical equation for the prediction of the springback behaviour in bending. The main 
conclusions of this study are summarised in the following sections.  
Bending and roll forming behaviour of magnesium sheet 
In Chapter 4, the influence of material properties and process parameters on the 
forming behaviour of AZ31 magnesium sheet in bending and roll forming has been 
studied experimentally. Tensile and pure bending tests were performed to determine 
the mechanical and bending properties while the minimum formable bending radius 
was identified through wiping bend tests. Pure bend, V-die bend, channel bend and 
roll forming trials were performed to different levels of outer fibre bending strain and 
the springback behaviour investigated for different grain size and texture conditions. 
At the end of the chapter a simple analytical model was developed to predict the 
springback behaviour in bending by considering the asymmetric yield behaviour in 
magnesium with the shift in neutral axis as material input. The shift in neutral axis was 
experimentally measured with the optical strain measurement system GOM Aramis.  
It was shown that a lower minimum bend radius can be achieved in simple bending 
compared with roll forming. This is in contrast to previous observations made on steel 
and light metal alloys such as Aluminium and Titanium which suggests higher 
formability in the roll forming process. Springback in roll forming was lower 
compared with that observed in simple bending and V-die bending. Thereby 
springback reduced with a forming sequence that resulted in more severe forming and 
a higher level of longitudinal edge strain in the strip edge. This suggests that the lower 
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springback in roll forming magnesium compared with simple bending may be due to 
redundant deformation effects as previously observed for steel and other light metal 
alloys. The springback behaviour of magnesium sheet is governed by the materia l 
properties. The initially twinned material showed the highest springback tendency and 
springback decreased with increasing grain size and the resulting decrease in materia l 
strength. Thereby the variation of springback was directly linked with the bending 
yield strength measured from the newly developed stand-alone bench tester while yield 
strength values determined in the tensile test did not give a good indication for 
springback.  
Changes in texture by rotating the C-axis by 900 to the loading direction gave simila r 
springback for the same grain size condition. Springback decreased with increasing 
bending strain and in the channel bending tests decreased with increasing blank holder 
force applied, i.e., with increasing level of applied tension.  
The knowledge developed regarding the springback behaviour of AZ31 magnesium 
and of the influencing parameters was applied to develop a simple analytical model 
for room temperature forming. Using experimental results for the neutral layer shift, 
the model gave a reasonable representation of the springback behaviour in bending. 
The model was also in accordance with results found in the literature and represents a 
simple analytical tool for the estimation of springback in magnesium sheet.   
The effect of twinning on the bending and springback behaviour 
Chapter 5 focused on investigating the influence of intrinsic (grain size and texture) 
and extrinsic (strain and bending mode) parameters on the twinning behaviour of AZ31 
magnesium sheet in bending (i.e., pure bend, V-die bend and channel bend) and roll 
forming experimentally. For this the final microstructure of bent and roll formed 
samples was observed through EBSD in the SEM and analysed with the HKL Channel 
5 software. 
An inhomogeneous mechanical twinning behaviour was observed throughout the sheet 
thickness which led to asymmetric deformation in bending and roll forming. The  
{101̅2} tension twin type was the most significant while other twin types showed less 
effect on the forming behaviour. For all forming conditions the amount of mechanica l 
twin deformation, i.e., the Twinning Area Fraction (TAF) increased with the level of 
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outer fibre strain and grain size. Comparing the V-die bending and the channel bending 
tests revealed that in the bending radius the TAF reduces if a tensile stress is applied 
by applying a blank holder force. This was related to a reduced compressive stress/ 
deformation in the bending compression zones of the sheet due to the applied tension 
which led to reduced twinning.  Very minor twinning deformation was observed in the 
channel wall area possibly due to the bending- unbending deformation which may have 
led to the creation and elimination of mechanical twins.  
The TAF fraction in the radius profile was higher in the roll formed sections compared 
with those which were V-bent to the same profile radius. This was related to unwanted 
deformation other than transverse bending near the profile radius which has been 
previously reported for roll forming. The TAF further increased when changing the 
roll forming sequence from an evenly distributed forming over all stations to uneven 
forming. It was suggested that this may be related to additional (unwanted) materia l 
deformation near the profile radius if a more severe forming sequence is used.   
For all forming conditions, springback decreased with increasing TAF and was lower 
in roll forming compared with the V-bending process. Comparison of the neutral layer 
shift determined by strain measurements performed with the GOM Aramis system in 
Chapter 4 and by investigation of the distribution of twins over the material thickness 
in Chapter 5 suggested that the neutral layer shift is directly related to twinning. Given 
that springback in bending depends on the position of the neutral layer the results in 
Chapter 4 in combination with those of Chapter 5, give experimental evidence for the 
effect of twinning and TAF on springback in bending magnesium sheet.   
Changing the orientation of the C-axis from perpendicular (common orientation for 
rolled AZ31 sheet) to parallel to the sheet surface changed the position of major 
twinning deformation from the bending compression (when C-axis is oriented 
perpendicular to the sheet thickness) to the tension zone (when C-axis is oriented 
parallel to the sheet thickness) of the bent sample. This altered the direction of the 
neutral layer shift but did not affect the overall level of the TAF. The overall level of 
springback was the same for both C-axis orientations which suggests that springback 
is dependent on the level but not on the direction of the neutral layer shift and the 
resulting magnitude of TAF in the material.  
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In the pure and the V-die bending tests, mechanical twins were observed in 
deformation zones where the C-axis was contracted. Here deformation should have 
been solely by slip. It was argued that mechanical twins may have formed in those 
regions during part release and springback. In addition, in the channel bend tests a 
higher blank holder force led to a higher level of TAF which was related to reduced 
springback and the resulting reduction of de-twinning.  
The results observed for twinning in Chapter 5 were after springback and therefore do 
not allow a conclusive statement on material behaviour during forming and 
springback. In Chapter 6 the twinning and de-twinning behaviour during forming and 
springback was therefore investigated via in-situ V-bending trials.  
Evolution of the microstructure during bending and springback 
Chapter 6 focused on investigating the influence of deformation mechanisms (i.e., slip 
and twinning) on the bending behaviour of AZ31 magnesium sheet for the loading and 
the unloading (springback) condition. For this in-situ V-die bend tests were performed 
for different strain levels and EBSD performed in an SEM. 
An inhomogeneous slip and mechanical twinning behaviour was observed throughout 
the thickness of the bent area which led to asymmetric deformation in bending. At the 
inner side of the bent sample (compression zone during loading), at the fully loaded 
condition, a combination of {101̅2} tension twinning as well as prismatic and 
pyramidal slip presented while there was only little  basal slip deformation.  Both the 
number of slip systems and the amount of mechanical twin deformation increased with 
the level of forming strain. At fully unloaded condition, there was no change on the 
slip deformation while the twin area fraction reduced due to twin thinning and/or de-
twinning processes.  
In the outer side (under tension during bending) of the bent sample only a few grains 
deformed with both slip and twining. During unloading, the twinning area fraction 
increased and an additional twin type {101̅1} developed. The results of chapter 6 have 
experimentally shown that twin thinning and de-twinning occurs during springback 
after bending magnesium and that this results in the reduction of the TAF. This 
suggests that the lower TAF observed when increasing the blank holder force in the 
channel bending tests of Chapter 5 may be due to the reduction of springback and the 
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resulting lower level of de-twinning. In addition it was shown that the stresses 
developed during springback are sufficient to produce new twins in the tension area of 
the bent sample, i.e., the mechanical twins observed in the bending tension area of the 
V-bent samples in Chapter 5 may be due to springback.     
7.2. Recommendations for future work 
Springback 
In Chapter 4, it was suggested that the reduction of springback in roll forming 
compared with V-die bending is due to additional redundant deformation in roll 
forming and may be influenced by process parameters such as the forming sequence. 
Further work should determine in detail the relationship between springback and the 
roll forming process parameters. This may lead to the expansion of the simple 
analytical model and allow to predict springback in the roll forming process. 
The effect of roll forming process parameters 
The current work on roll forming was limited to 5 forming stations and the constant 
arc length forming method with major focus on the effect of the forming sequence and 
material parameters on springback and bow. Nevertheless several other process 
parameters such as the station distance, the constant radius forming method exists and 
future work should focus on a full study into the effect of these parameters. This may 
lead to a further optimisation of the roll forming process for the forming of magnesium 
at room temperature. 
Also this study mostly focused on the roll forming of a simple V shaped profile,  
however with increasing profile complexity more and different shape defects are likely 
to occur. Future work should therefore focus on the roll forming of complex section 
profiles of magnesium. 
Overcoming the limitations of the in-situ test  
In Chapter 6, due to contamination of the hydrocarbons on the sample during long time 
EBSD, the indexing in same region for the second image was difficult. Results could 
be improved by using a Plasma cleaner. This promises more conclusive results in 
regard to the effect of slip and twinning on the bending and springback behaviour of 
magnesium. 
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